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Abstract

This thesis focuses mainly on understanding the origin of the Bekenstein-Hawking entropy
for a class of four- and five-dimensional BPS black holes in string/M-theory. To this aim,
important ingredients are holography and supersymmetric localization.

For supersymmetric field theories with at least four real supercharges the Euclidean path
integrals on Xy x 7" (n = 1,2) can be calculated exactly using the method of supersymmetric
localization. The path integral reduces to a matrix integral that depends on background
magnetic fluxes and chemical potentials for the global symmetries of the theory. This defines
the topologically twisted index which, upon extremization with respect to the chemical
potentials, is conjectured to reproduce the entropy of magnetically charged static BPS
AdSy /5 black holes/strings.

We solve a number of such matrix models both in three and four dimensions and provide
general formulae in the large N limit by which one can construct the large N matrix model
associated with a particular quiver. This is found by rewriting the matrix integral of quiver
theories, such that the poles in the Cartan contour integral are described by the so-called
Bethe ansatz equations and then by an effective twisted superpotential. One of the main
results of this thesis is a universal formula — named the index theorem — for extracting
the index from the twisted superpotential, leading to the conjecture that the field theory
extremization principle equals the attractor mechanism in 4D .4#” = 2 gauged supergravity.

We then use these results to provide the microscopic realization of the entropy of a
class of BPS black holes in .4 = 2 gauged supergravity. In particular, for the near-horizon
geometries constructed in the four-dimensional dyonic .4~ = 2 gauged supergravity, that
arises as a consistent truncation of massive type IIA supergravity on S, we derive the
Bekenstein-Hawking area law. Finally, inspired by our previous results, we put forward an
extremization principle for reproducing the Bekenstein-Hawking entropy of a class of BPS
electrically charged rotating black holes in AdSs x S°.
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Chapter 1
Introduction and summary

Black holes have more lessons in store for us. We can assign a macroscopic entropy to a
black hole equal to one quarter of the horizon area measured in Planck units [1-5]. More

specifically, we find that
Area

4G\’

where Gy is the Newton’s gravitational constant. The number of black hole microstates

(1.1)

SBH =

dmicro should then be given by
dmicro = B, (1.2)

But where are the microstates accounting for the black hole entropy? A consistent theory
of quantum gravity seems to be required in order to answer this question. String theory, the
prime candidate for such a theory, provides a precise statistical mechanical interpretation
of the Bekenstein-Hawking entropy (1.1) by representing the black holes as bound states of
D-branes [6—8] and strings, which allow us to construct and study supersymmetric gauge
theories. In the seminal paper [9] the statistical entropy of asymptotically flat BPS black holes
(Reissner-Nordstrom black holes) in type IIB string theory compactified to five dimensions on
S! x K3 has been successfully identified with the logarithm of the bound states degeneracy.

The situation for asymptotically anti de Sitter (AdS) black holes in D > 4 is rather
different since we do not know the D-branes description of this class of black holes. The
question is then, what is the microscopic origin of the Bekenstein-Hawking entropy for AdS
black holes? The gauge/gravity duality (holography) provides a nonperturbative definition
of quantum gravity. More concretely, one can formulate questions regarding quantum
gravity in bulk spacetimes as problems in lower-dimensional gauge theories living on their
boundaries. The gauge/gravity duality therefore renders a natural way of understanding the
thermodynamic black hole entropy (1.1) in asymptotically AdS spacetimes in terms of states
in a dual conformal field theory (CFT).
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The counting of microscopic BPS states has been recently achieved [10, 11] for a class
of AdS black holes in four dimensions coming from compactification of M-theory on S,
thanks to the supersymmetric localization [12]. See [13] for a generalization of this setup
to AdS4 black holes with hyperbolic horizon. Recent attempts to compute the logarithmic
corrections to the entropy of this class of black holes can be found in [14, 15].

The localization principle allows one to reduce the path integral of the theory into a finite-
dimensional integral, i.e. matrix integral, and compute some exact results for supersymmetric
observables in strongly coupled quantum field theories (QFTs). It thus gives a very precise
predictions for the gauge/gravity duality. In this thesis we report on the progresses in this
direction. Of particular importance is the topologically twisted index of three-dimensional
A =2 and four-dimensional .#” = 1 gauge theories — with an R-symmetry and (g — 1)R; €
Z (R; being the R-charges of the matter fields) — on X; x T" with a partial topological
A-twist [16, 17], along the genus g Riemann surface Xy [18]. Here 7" is a torus withn =1, 2.

Before we move on, let us review some of the basic building blocks of this dissertation.

1.1 Topological twist

If one attempts to put a supersymmetric theory on a curved spacetime without touching its
Lagrangian, supersymmetry will usually be broken by the curvature terms. Thus, one has to
be careful about how to define the theory on a curved spacetime. In this section we give a
brief overview of placing a QFT on a compact curved manifold .# while preserving some
supersymmetry. We refer the reader to [19] for a detailed analysis of rigid supersymmetric
field theories on curved manifolds.

A uniform approach to this problem is to couple the flat space theory to off-shell super-
gravity.! Next, we require that the fluctuations in the gravitational field being decoupled, such
that it remains a classical background. This can be done by taking the rigid limit: sending the
Newton’s constant to zero while keeping fixed the background for the metric and the bosonic

auxiliary fields. In this limit, we do not solve the equations of motion and we only impose

I'The same supergravity theory can have different off-shell formulations, and depending on which supercur-
rent multiplets exist in the matter theory, one can couple the theory to different off-shell formulations. This can
lead to different classes of supersymmetric backgrounds for the same theory. For instance in four dimensions,
the Ferrara-Zumino multiplet [20] can be coupled to “old minimal supergravity” [21-23] while the R-multiplet
(which contains the conserved R-current) to the “new minimal supergravity” [24, 25].
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the supersymmetry condition (the vanishing of the gravitino variation):?
1 ab .
Dye= au+1wu Yab+iVy | €=0, (1.3)

where V), is a background gauge field for the R-symmetry. We call this the generalized
Killing spinor (GKS) equation, and it should be solved for the spinors €. The number of
solutions for € is the number of preserved supercharges.

If the theory at hand has a continuous non-anomalous R-symmetry one may perform a
topological A-twist [16, 17] to solve the GKS equation. The topological twist amounts to an
identification of the spin connection with the R-symmetry

J ab

Ve = 1% Yab€ - (1.4)
This corresponds to a flux %r fcz W for the R-symmetry curvature W = dV, where C; is any
compact two-cycle in .. Due to the R-symmetry background magnetic flux we will restrict
to theories with integer R-charges. Hence, a simple solution to (1.3) is a constant spinor €. In
this background the spinors behave as scalars since the R-symmetry background has twisted
their spin. Let us stress that, the topological twist works only if the spacetime holonomy
group can be embedded into the R-symmetry group of the QFT in flat space.

The topological twist is precisely the way that branes, wrapping on nontrivial cycles in

string/M-theory compactifications, preserve supersymmetry [26].

1.2 Magnetic black holes/strings in gauged supergravity

In this section we discuss the main features of the black holes/strings we consider. We look for
four-dimensional BPS black hole solutions, preserving at least two real supercharges, which
interpolate between an AdS, x X near-horizon region and an asymptotic AdS4 vacuum. They
are the near-horizon geometry of N D2;/M2-branes wrapping X [27]. The first examples of
such analytic solutions, with g > 1 and constant scalar fields, found in [28] and later studied
further in [29]. The numeric evidence for black holes whose event horizons are Riemann
surfaces of arbitrary genus (g # 1) and have nontrivial scalar fields appeared first in [30] but
their analytic construction was discovered in [31] (see also [32-36]). They are solutions of
A =2 supergravity with a gauged U(1) R-symmetry group. The aforementioned topological

twist consists of the cancellation of the spin connection on Xy by the R-symmetry gauge

2Here, for simplicity, we only include the metric and the background gauge field V. that couples to the
R-symmetry.
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vector field, and requires that the black hole solutions carry nontrivial Abelian magnetic
charges n*. In general, the black holes can also support electric charges ¢4 . In the case of the
maximally supersymmetric SO(8) gauged supergravity (arising from Kaluza-Klein reduction
of eleven-dimensional supergravity on S”) this allows one to consider only an Abelian U(1)*
truncation (A = 1,2,3,4), often called “STU model”, as was the case in [10, 11].

The dual boundary theory is a relevant deformation of some 3D supersymmetric Chern-
Simons-matter theories, semi-topologically twisted by the presence of the magnetic charges.
Reducing down to S!, the theory gives rise to a supersymmetric quantum mechanics and the
partition function on Xy X § I computes the Witten index of the .#” = 2 quantum mechanical
sigma model [37-39]. This naturally leads to a renormalization group (RG) flow across
dimensions, connecting the CFT3 dual to asymptotic AdS4 vacuum in the ultraviolet (UV)
and the CFT; dual to the near-horizon AdS, x Xy geometry in the infrared (IR). Along the
RG flow, the UV superconformal R-symmetry of the three-dimensional theory generically
mixes with the flavor symmetries and, at the one-dimensional fixed point, it becomes a linear
combination of the reference R-symmetry and a subgroup of the flavor symmetries. The
R-symmetry that sits in the su(1,1|1) superconformal algebra in the IR is determined by
extremizing the topologically twisted index, whose value at the extremum is the regularized
number of ground states.> This is the so-called .#-extremization principle proposed in
[10, 11] (see section 1.7).

We will also consider magnetically charged BPS black strings in five-dimensional .4 = 2
Abelian gauged supergravity. Black string solutions corresponding to D3-branes at a Calabi-
Yau singularity have been recently studied in details in [40, 41] (see also [42-45]). They can
be viewed as domain-walls interpolating between maximally supersymmetric AdSs vacuum
at infinity and the near-horizon AdS; x Xy geometry. This can be interpreted as an RG flow
from an UV four-dimensional .4~ = 1 superconformal field theory (SCFT) and an IR two-
dimensional .#" = (0,2) one. The two-dimensional CFT is obtained by compactifying the
four-dimensional theory on Xy with a topological twist parameterized by a set of background
magnetic charges. The right-moving central charge of the two-dimensional CFT has been
computed in [40—43], and successfully compared with the supergravity result for a variety of
models.

3We are evaluating an equivariant holomorphic index that provides a regularization for the continuum of the
ground states of the corresponding IR quantum mechanics.
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1.3 Supersymmetric localization

The partition function of a local QFT is given by the Euclidean Feynman path integral

z— /@gbeSW, (1.5)

where ¢ denotes the set of fields in the theory and S is the action functional. In order to
evaluate the partition function of a theory one needs to integrate over all possible classical
field configurations. Thus, besides Gaussian free theories, the partition function is too hard
to compute. Most of the time one has to work with the so called saddle-point approximation:
expanding the action around free fields and using perturbation theory. However, if a theory is
supersymmetric one may use the technique of supersymmetric localization and compute the
partition function exactly (in the sense of reducing them to a matrix model).

The argument for localization proceeds as follows. Consider path integrals of supersym-
metric gauge theories on compact manifolds .

Zy= / D959, (1.6)

and let 0 be a Grassmann-odd symmetry of these theories (65 = 0). We assume that J is not
anomalous and thus the measure of the path integral is invariant under 6. Consider now a
deformation of the theories by a d-exact term

Za(0)= [ 7pe SO, (1.7)
with r € R . It is easy to see that the value of the partition function is independent of ¢:

J _ —S[9]—18V Sy — —S[pl-18Vy ) —
Ezﬁ(z)_—/%e 5V_—/@¢5(e v>_o, (1.8)

and hence one can evaluate it as  — o. Here we assumed that the integral decays sufficiently
fast in field space so there are no boundary terms at infinity. In this limit, if 6V has a positive
definite bosonic part (6V)g, the integral localizes to a submanifold of field space where

(6V)B(¢0) = 0. (1.9)

Obviously, the above argument still holds true if we insert §-exact operators (observables),
i.e. 0 = 8% . One may insert both local operators (located at a point in spacetime) and
nonlocal operators (located along a submanifold) in the path integral. They can be defined in

different ways: order operators such as Wilson lines; disorder operators such as monopole
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and 't Hooft line operators in three and four dimensions, respectively; defect operators with
their own actions and coupled to the bulk, e.g. Sp = [, dfy (J; — iA;) . These operators have

vanishing vacuum expectation values since
<ﬁ>%=/@¢e_s[¢]6%:/9¢8(e_SW%> —0. (1.10)
Let us parameterize the fields around the localizing locus (1.9):

¢=do+t %9, (1.11)

where the factor #~!/2 is chosen because when the deformation term dominates at large ¢,
the kinetic term should be canonically normalized with no powers of 7. For large ¢, we can

Taylor expand the action around ¢ as
S+18V = S[go] + (6V)P[d]+ O(r~1/?). (1.12)

Only the value of the classical action on the saddle-point configuration S[¢| and the quadratic

expansion of 0V around the fixed points matters. We thus obtain the localization formula:

Zay= P¢oe 5191 Z, 100p[90], (1.13)
6Ve(¢0)=0
by Gaussian integration. Zj_joop 1S the one-loop determinant (the ratio of fermionic and
bosonic determinants) of the deformation term oV.

1.4 Supersymmetric Chern-Simons-matter theories in three

dimensions

In this section we review the construction of 3D supersymmetric Chern-Simons-matter
theories on S x S! [18].% In order to preserve supersymmetry on this background one must
perform a topological twist on S2. Thus, one of the important assumptions is that the theory
should have a continuous U(1)g symmetry.

After summarizing our conventions for spinors we describe the S? x S! background
of interest and the background fields that we need to turn on in order to preserve some

supersymmetry. Then we concentrate on the supersymmetry variations corresponding to the

4The result of localization for 4D .#” = 1 field theories on S x T? is simply the elliptic generalization of
the result in three dimensions [46, 18]. We do not consider the detailed construction of this class of theories
here; rather, we present the final formula for the matrix model.
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topologically twisted theory. We introduce the anticommuting supercharges by trading the
anticommuting Killing spinors in d¢ and &z for their commuting counterparts. Finally, we
write the supersymmetric Lagrangians for gauge and matter fields. Lagrangians invariant
under the supersymmetry transformations were studied in [47, 48]. We refer the reader to
[49, 50] for a more systematic analysis of supersymmetry on three-manifolds. In this section

we will closely follow the presentation of appendix B of [51].

1.4.1 Spinor conventions

We will work with Euclidean space. In Euclidean signature all fields get complexified
and we will consider ~-ed fields as independent fields. The Dirac spinors are in the 2 of
SU(2) with the index structure: y%, y*. We use the standard Pauli’s matrices for the
Dirac matrices in vielbein space: y* = (9}), (? o) (¢2), and also yib = %(}/“yb —PPy).
We take the charge conjugation matrix C = —i€up =N (where €2 = g, = 1) so that
C=C"'=C"=—CT = —C*. The charge conjugate spinors are £ = Ce* and £ = ¢TC.
Note that €°“ = —¢. Writing the spinor indices explicitly, the bilinear products are constructed

as

EA=E"CopAl,  EPA=ET(CP)pAP, etc. (1.14)

Noticing that the charge conjugation matrix C is antisymmetric and Cy* are symmetric, it is

easy to check that
EAL = AE, EYHA = —AyHE. (1.15)

CYy*V are also symmetric since y*¥ = ieHVPy, /. /g (where e*¥P = 1). We also have the

following Fierz identity for anticommuting 3D Dirac fermions
_ 1 .- 1 .-
(lllz) 7L3 = —5(1113) 12—5 (11}/'013) ’}/plz. (1.16)

1.4.2 Background geometry

We will consider three-dimensional .4 = 2 field theories on S% x S with the round metric
ds* = R*(d6* +sin> 0 dg?) + B2dr?. (1.17)

In order to preserve supersymmetry we perform a partial topological A-twist on S2. The
vielbein one-forms are e! = Rd0, ¢*> = Rsin6d¢ on S? and ¢ = Bdr withz ~7+1 on S'.
As we already discussed in the previous section, to perform the topological twist we turn on

a background gauge field that couples to the U(1)g symmetry such that it cancels the spin
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connection for half of the supercharges:

1 1
V=c-cos8dp=—-0". 1.18
5c0s0dg 5 (1.18)
This corresponds to a magnetic flux % J2 W = —1 for the R-symmetry curvature W = dV'.

Here a)ﬁb is the spin connection. In our notation the supersymmetry spinor € = (gf) has

R-charge —1 so that the GKS equations is solved by

&t .
€= < ) with €, =const.. (1.19)
0

Due to the R-symmetry background flux, we will limit to theories with integer R-charges.

Q-background on S% x S'. If the metric on S? has a rotational symmetry around an axis,

we may introduce a one-parameter family of deformations called the -background in [52],
ds* = R*(d6* +sin” 6(de — g dr)?) + B2dr*. (1.20)

We refer to the parameter ¢ as an angular momentum parameter and note that ¢ = 0 is the

round S% x S!. Here we take vielbein

R 0 0
¢’y =10 Rsin@ —Rgsinb |, (1.21)
0 0 B

and the coordinates have the same periodicity as before, i.e. t ~t+1, ¢ ~ @ +27. We can

still perform the topological twist by turning on the background connection V = —%a)12
coupled to the R-symmetry current, and the covariantly constant spinor (1.19). We call this

the “refined” case.

Xy X S! background. We can preserve supersymmetry on Xy XS§ ! where X4 is a Riemann
surface of arbitrary genus g, with the same choice of V = —%a)12 and the same covariantly

constant spinor (1.19). In general the R-symmetry field strength is given by

1 1 1
Wi = —e*VW,, = ——R; d —/ W=g—-1, 1.22
12 28 uv 4 an 27 Js, g ( )

where R; is the scalar curvature on X.
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1.4.3 Supersymmetry transformations

Let us define the gauge field strength Fj,y = dyAy — dyAy —i [A“,Av] and the gauge and
metric covariant derivative D, =V, —iAy, where V, = d,, + %a)ﬁb Yup 1 the metric covariant
derivative. We will also turn on a background connection coupled to the U(1)g symmetry
current and thus Dy, =V, —iA, —iV),.

The basic multiplets of three-dimensional .#” = 2 supersymmetry are the gauge (vector)
multiplet, the chiral multiplet and the anti-chiral multiplet, arising by dimensional reduction
to three dimensions of the four-dimensional .#” = 1 supersymmetry multiplets. The R-charge

and the scaling weight of the various fields are:

\ e & \A“ c A A D|¢ ¢ % 4 F F
R| —1 1 0O 0 -1 1 O0|r —r r—1 l—r r—2 2—vr
Al1/2 1201 1 3/2 3/2 2|r r r+1/2 r+1/2 r+1 r+l1

The gauge multiplet ¥, in Lorentzian signature, includes a vector Ay, one real scalar o, a
Dirac spinor A and a real auxiliary scalar D, all in the adjoint representation of the gauge

group G. They transform under supersymmetry as

8y = 3 (ETud —Apue), 50:%@—18),
oA = %y“VeFuv —De+iyteDyo+ %G}/”Due,
P | 2i
81 = SP*VeFyy+ DE — if*EDyo - écy“D“é,
8D = —ééy“Dul — %Duiy”e + %[él,a] + %[/_le, o] — é(Duéy“l +Ay"Dye),

(1.23)
The chiral multiplet @ consists of a complex scalar ¢, a Dirac spinor ¥ and a complex
auxiliary scalar F, all in a representation 2R of the gauge group. The anti-chiral multiplets @ =
(¢, W, F) has the same components as a chiral multiplet, all in the conjugate representation

M. The supersymmetry transformations of a chiral multiplet are given by

09 =2y, 61//:iy“eD“(p-i—iectp-i—%y“Dusq)-l—éF,
50 = e, S = iy“éDuq;—HéqSG—i—?y“Duéqﬁ—keF,
‘ ' ' i(2r—1) (1.24)
SF = e(iy*Duy —ioy —iL¢) +TDuey“1//,
i(2r—1)

SF =¢&(iy* Dy —iyo +ipA) +TD”£‘3/“1/7.
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Here € and € are independent spinors fulfilling the Killing spinor equations
Due =8, Dy = y,€, (1.25)

for some other spinors &, €. Splitting § = 8¢ + 3, these transformations realize the su(1]1)
superalgebra off-shell. In order for the algebra to close, the Killing spinors need to satisfy

the additional constraints

Yy'DyDye = —g (Ry —2iWuy YY) €, Yy'DuDyE = —g (Rs+2iWu YY) E,
(1.26)
with the same functions Ry and Wy, [47, 48]. Consistency requires that R; is the scalar
curvature of the three-manifold and Wy, = d,Vy, — 9y}, is the background gauge field
strength. Then, the resulting algebra reads

[0c, 0] = ZL +iA +pA +iaR, (8¢, 8¢] =0, 66,8 =0, (1.27)

where the parameters are defined as

' 1
ER = iEpie, p = +(DuEY"e + EY'Dye) = DEH,

3 3 (1.28)
A =Eeo, o= —g(Duéy“e—éy”Dus)—é“Vu.

The algebra (1.27) implies that the commutator [8¢, 0z] is a sum of translation by &, a gauge
transformation by A, a dilation by p and a vector-like R-rotation by a. The Lie derivative Z
along the Killing vector field & is a metric independent derivation. On a p-form it is defined as
Ze = {d,1¢} in terms of the contraction Lx; using the normalization o = pi!ocm... TR

in components we have

The Lie derivative of spinors [53] reads (see [54] for a more thorough discussion.)

1
Zey =" Vuy+ Vs ¥y (1.30)

We denoted by fé“ the “gauge covariant” version of the Lie derivative along . It acts on
sections of some gauge bundle. On tensors it is obtained by replacing d, — 8[} = dy —iAy,
while on spinors it is obtained by replacing V,, — Vﬂ in the first term. The gauge covariant

Lie derivative of the connection, which does not transform as a section of the adjoint bundle,
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18 defined as

LPA= LA-d (1eA),  (LEA)u=EPFpu = &P (20,AL — i[Ap,Au]) . (131)

1.4.4 Localizing supercharges

We now proceed with the construction of two complex supercharges Q,é in terms of

commuting covariantly constant spinors € and & = —CE&*.> They are built as follows
5:68+5é:8aQa+éaQa7 Q:gO‘Qa ) Q:écaQa: _(éTC)aQa .
(1.32)
For convenience, we also rewrite ~-ed spinors as A = C(A7)T. We obtain for the vector
multiplet:
iy 1 _ 2i
- i - 1. e 2% .
QA, = %e*yﬂl, QA" = —Eedfy”"F,w +&D+iE"y¥Dyo+ ngueTy“c,
. : : |
OD = —%Duﬂyﬂﬁé[ﬂs,o]—éﬂyﬂD“s, OAT =0, Qo = —Eﬂe,
0D = L&y pua+ Lo Ea)+ LDyt pra 0L =0 b6 = L1
0 =587"Dy +§[G,£ ]JFgDuSY , QA =0, QG——EE .
(1.33)
and for the chiral multiplet:
Q9 =0, 09 =&y,
09" =v'e, 09" =0,
) ) 2ir ~ -
Oy = (i D¢ +ic9)e + =9 Dy, Qy =¢'F,
- 2i
Ov' =&"(—ir"Duo’ +i9"o) - TDuE o, oy’ = —&7F",
ot o i2r—1) _
QF =¢ (zy”D”l//—zGl//—sz)—l—TDﬂs v, QF =0,
St Dwih —iwte ietat e (=1 s <t .
OF = (—iDpy'y* —iy'c+ip"A")E a1 YDuE", QF" =0.

(1.34)

In the localization computation we will use the supercharge 2 = Q + é

5Du£ =0, 3¢ = € and similarly for &, with the same R-charge —1.
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1.4.5 Supersymmetric Lagrangians

One can easily construct supersymmetric actions on S x S,
S = / &x\/z.2, (1.35)

with 0. = Qﬁf = 0 up to a total derivative. In the following, we will consider the Yang-
Mills Lagrangian, the various Chern-Simons terms, the matter kinetic Lagrangian and
superpotential interactions. When the theory has some continuous flavor symmetry J/, we
may turn on supersymmetric backgrounds for the bosonic fields in the corresponding flavor
vector multiplet 7/ = (A{L, o/, A/, A/T,D/). This accounts for turning on magnetic flavor
fluxes on S2, flat flavor connections on S', and real masses. We remark that whenever the
gauge group has an Abelian factor, the flavor group includes a “topological” U(1) subgroup.
We work in Euclidean signature and this requires to double the number of degrees of
freedom in a given multiplet. This can be realized formally by considering each field and its
Hermitian conjugate as transforming independently under supersymmetry. When performing
the path integral over the fields of a multiplet, we will have to choose a middle-dimensional
contour reducing the number of real independent fields to its canonical value. We pick the
“natural” one, in which “real” fields are real while " is identified with the adjoint operation.
We call such a contour the real contour. In our conventions all Lagrangian terms have a
positive definite real bosonic part, which guarantee the convergence of the path integral.

The supersymmetric Yang-Mills (YM) Lagrangian is
1 v o1 | T -
The Lagrangian %y can be written as a 2-exact term, up to total derivatives:
00Tr (%/WL +2Da) ~ &te A (1.37)

When performing localization, the path integral is only sensitive to the cohomology of 2
meaning that 2-exact operators do not affect the integral. Thus, this Lagrangian can be used
in the localization procedure as the deformation term (see section 1.3).

The supersymmetric completion of a bosonic Chern-Simons (CS) action, for each simple

or Abelian factor, reads
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In general one can have a different CS level k € Z for each simple or Abelian factor in the
gauge group; however, we will be schematic with our notation and use the simple expression
above. The CS action is not 2-exact. If there are various Abelian factors in the gauge group,
we can consider adding to the action mixed CS terms between them:
Fncs = 22 empDa,AR) + 22 0AR 4 22720 4 D16 4 DRG]
(1.39)
The mixed CS terms play a crucial role in turning on background fluxes or holonomies for
the topological symmetries. Remember that in three dimensions, any U(1) gauge symmetry
yields a global symmetry associated to the current J& = (xF)* = %8“"” Fyp, being auto-
matically conserved by the Bianchi identity: dxJr = dF = 0. The corresponding global
symmetry U(1)7 is called fopological symmetry. We may turn on a background gauge field
AT) for the U(1)7 symmetry by coupling it through

/ AT A sy = / dx/zetPall oA, (1.40)

where A7) belongs to an external vector multiplet ¥ (7) = (ALT), o) 21 2D pT)y. On
the supersymmetric background we have to set to zero the variation of the fermions in the
external multiplet. From (1.33) we get the conditions D7) = iFl(zT ) and 6(7) = const.. The
full Lagrangian is the supersymmetric completion of (1.40), being obtained from (1.39) by
setting k1o = 1 and thinking of (1) as the background topological symmetry and (2) as the

gauge symmetry:

(T) (T) (T)
A F
p= i TrF— i Tr(A3+iG)—i62ﬂ TeD. (1.41)

Notice that the three terms are separately supersymmetric and oT), a real mass for the
topological symmetry, is indeed a Fayet-Iliopoulos (FI) term.

We can also add a mixed CS term between the R-symmetry and an Abelian flavor (or
gauge) symmetry:

ik
Zies = — o8 (4P AudVp +ioWi2 ) (1.42)

The standard kinetic matter Lagrangian for the chiral and antichiral multiplets &, &7

coupled to 7 is given by:

Lt =D D' o+ 97 (6° +iD—rWi2) 9 + F'F + iy (V' Dy — o)y —iy 29 +ip ATy,
(1.43)
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where r is the R-charge of ¢. The covariant derivative D, in (1.43) comprise the gauge fields,
the background field V for the R-symmetry and background fields for the flavor symmetries
of the theory. A background flavor vector multiplet consists of the bosonic components F{;,
Ag , o/ and D/ which need to fulfill D/ = iF, IJ; in order to preserve supersymmetry. We see

that F’ f; represents a Cartan-valued background magnetic flux for the flavor symmetry,

1 .
— f = 1.44
= [P =n, (1.44)

Ag is a flat connection (or Wilson line) along S! and o/ is a real mass associated with the
flavor symmetry. The flavor magnetic flux n will join the magnetic flux for the R-symmetry,
providing a family of topological twists.

The Lagrangian .%o is Z-exact, up to total derivatives:

00 (v y+2ipT0¢) = &'e L, (1.45)

and will be used in the localization procedure.

Given a gauge-invariant, holomorphic function W (), and of R-charge r = 2, one can

write the superpotential Lagrangians:®
Ly =iFy, L= iFy, (1.46)
where
ow . 1 W . i OW 1 *W ,
Fy==—F—~ i Fh = f fye, (147

0B | 20000

are the F-terms of the chiral multiplet W (@) and its antichiral sister. The two Lagrangians are
2-exact, up to total derivatives, due to £2(i£cT I//W) ~ &g Ay and Q(—i W&,éc) ~gle L.
Since we are working with the Wick rotation of real Lorentzian Lagrangians, we take the
two functions W and W complex conjugate.

Finally, we can include the following supersymmetric Wilson loop in a representation R:

W = Trg Pexp 7{ dr (At — o), (1.48)

as in [55]. Here & denotes the usual path-ordering operator, x*(7) is the closed world-

line of the Wilson loop, 7 is a parameter on it, * = dx/dt and |%| is the length of x*. Its

The two Lagrangians are seperately supersymmetric.
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supersymmetry variation reads
1, . |
oW o —El yuex“Jril € x]. (1.49)

For QW =0 (and QW =0) we need x' = x> =0, i.e. the loop should be along the vector
field e3. In the unrefined case e3 = 819, so that we can place the loop at an arbitrary point
on S? and along ¢. In the refined case e3 = $71(, + dy) and x*(7) = (69, 57, T). Thus, for
irrational values of ¢ the loop does not close leaving us with two choices: tune ¢ to rational

values or place the loop at one of the two poles of S.

1.5 ABJM theory

The ABJM theory [56] describes the low-energy dynamics of N M2-branes on C*/7Z;. It is a
three-dimensional supersymmetric Chern-Simons-matter theory with gauge group U(N); X
U(N)_g, four matter supermultiplets (A;, B;), i, j = 1,2, in bi-fundamental representations
and a manifest .4/~ = 6 superconformal symmetry. For k = 1,2, the ABJM theory has
monopole operators being conformal primaries of dimension 2 and transforming as vectors
under Lorenz transformations. Such operators must be conserved currents, which enables one
to show that the superconformal symmetry is enhanced to .4 = 8 [56-58]. Using standard
/" = 2 notation, this theory can be described by the quiver diagram

A;
@ (1.50)
B;

with two nodes representing the Chern—Simons theories, and four arrows between the nodes

representing the bi-fundamental chiral multiplets. In addition, there is a quartic superpotential
W:TI‘(AlBlAQBz—AlBQAzBl). (1.51)

The ABIM theory has a manifest SU(2) x SU(2) x U(1)7 x U(1)g global symmetry: under
the first SU(2) factor the A; transform as a doublet, and under the second SU(2) factor the
Bj transform as a doublet; U(1)r is the topological symmetry associated to the topological
current J; = «Tr(F — F) where F, F are the two field strengths; U(1)g is the R-symmetry
under which A; and B; get multiplied by the same phase.
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1.6 The topologically twisted index

The topologically twisted index is the partition function for three- and four-dimensional
gauge theories with at least four supercharges on Xy x T" (n = 1,2). When it is refined with
chemical potentials and background magnetic charges for the flavor symmetries, it becomes
an efficient tool for studying the nonperturbative properties of supersymmetric gauge theories
[46, 18, 59—-62]. The large N limit of the index contains interesting information about theories
with a holographic dual. In particular, the large N limit of the index for the three-dimensional
ABIM theory was successfully used in [10, 11] to provide the first microscopic counting of
the microstates of an AdS4 black hole. In this dissertation we extend the analyses of [10, 11]
to a wider class of field theories.

The index can be evaluated using supersymmetric localization and it reduces to a matrix

model. It can be written as the contour integral

1
Z(n,y)zw Y 72 Zin(m,x;n,y) (1.52)

mely v °

of a meromorphic differential form in variables x parameterizing the Cartan subgroup and
subalgebra of the gauge group G, summed over the lattice of magnetic charges m of the
gauge group. The index depends on complex fugacities y; = e*4’ and magnetic charges n;
for the flavor symmetries. Here, |20] is the order of the Weyl group of G. Supersymmetric
localization chooses a particular contour of integration ¢ and the final result can be recast
in terms of the Jeffrey-Kirwan (JK) residue. We refer the reader to [18, 61] for a thorough
analysis of the contour of integration. As a difference with other well known matrix models
arising from supersymmetric localization, like the partition function on S° [55, 63, 47] or
the superconformal index [64], in the large N limit all the gauge magnetic fluxes contribute
to the integral making difficult its evaluation. Here we use the strategy employed in [10] to

explicitly resum the integrand and consider the contour integral of the sum’

1
Zresummed(X;nay) = |Q;U| Z Zint(m7X;nay)7 (1.53)
mel K
]

which is a complicated rational (in three dimensions) or elliptic (in four dimensions) function
of x. One can write a set of algebraic equations for the position of the poles, which we call
Bethe ansatz equations (BAEs) (they actually are the BAEs of the dimensionally reduced
theory on X in the formalism of [65]), and an effective twisted superpotential %(or Yang-

"Here the sum is over a wedge 1—;)11( inside the magnetic lattice, for which Zj, (m,x;n,y) has poles inside the
JK contour.
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Yang functional [66]) whose derivatives reproduce the BAEs. The topologically twisted
index is then given by the sum of the residues of Z.eqummeq at the solutions to the BAEs.
Let us note that in a three-dimensional .#” = 2 (four-dimensional .4 = 1) theory, the

R-symmetry can mix with the global symmetries and we can also write
n =rr+pr, (1.54)

where r; is a reference R-symmetry and p; magnetic charges under the flavor symmetries
of the theory. Both y; and n; are thus parameterized by the global symmetries of the theory.
The invariance of each monomial term W, in the superpotential under the symmetries of the

theory imposes the following constraints

[[y=1, Y m=2(1-g), (1.55)

IeW, IeW,

where the latter comes from supersymmetry, and, as a consequence,

Y Are2nZ. (1.56)
1eW,

Here, the product and the sum are restricted to the fields entering in the monomial W,.
Finally, the number of supersymmetric ground states dpicro (07, ¢7) in the microcanonical

ensemble is given by the Fourier transform of (1.52) with respect to the A;’s:

2n 2w 21 dA ] . A A
dmicro(anII) _ / / B / (H_) Hs <elZIEWa / _ 1) Z(nlyAI) e iXidigr
0o Jo 0 [2m ),
(1.57)
For simplicity, we restrict our discussion to the case of Xy = S? in the rest of the disser-
tation since the generalization to an arbitrary Riemann surface is straightforward. Indeed,
in the large N limit, the higher genus partition function receives a simple modification, as

discussed in [61], as follows,
logZy+1(ny) = (1 —g)logZy—o(n; /(1 —g)). (1.58)

1.6.1 _# =2 Chern-Simons-matter theories on $2 x S!

The topologically twisted index of a three-dimensional .#” = 2 supersymmetric Chern-

Simons theory with gauge group G of rank r and a set of chiral multiplets transforming in
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representations 9R; of G is given by [18]:3

o B, e JL ™) 0T T

f
( \P1/2 yp,f /2 ) pr(m)—p;y (n)+1
- _F )
acG 1 p1€9‘i1

1 — xPrI yplf
(1.59)
where the index I runs over all matter fields in the theory. Given a weight p; of the repre-
sentation R, we use the notation xP! = eI (), ¢ are the roots of G and pr is the weight
of the chiral multiplet under the flavor symmetry group. In this formula,” x = ellArtipo)
parameterizes the gauge zero modes, where A, is a Wilson line on S! and runs over the
maximal torus of G while o is the real scalar in the vector multiplet and runs over the
corresponding Cartan subalgebra. m are gauge magnetic fluxes living in the co-root lattice I,
of G (up to gauge transformations). k denotes the Chern-Simons coupling for the group G,
and there can be a different one for each Abelian and simple factor in G.
As already discussed, each Abelian gauge group in three dimensions is associated with
a topological U(1) symmetry. The contribution of a topological symmetry with fugacity

& = /4 and magnetic flux ¢ to the index is given by
7P — xtEm, (1.60)

where x is the gauge variable of the corresponding U(1) gauge field.
Th index can be interpreted as a trace over a Hilbert space of states . on S2,

Z(n,v) = Trp(—1)Fe PH LAV (1.61)

where J are the generators of the flavor symmetries. The Hamiltonian H on X explicitly
depends on the flavor magnetic fluxes n; and the real masses 6;. Due to the supersymmetry
algebra 0*=H —oyJ; only states with H = o7J; contribute. The index is a holomorphic
function of v; with v = A;+ i ;. We also identify A; with flavor flat connections.

The partition function for theories in the £2-background (see section 1.4.2) is

Z(n,y,¢ j{ ( ka) Yosolo(m)] 1— aglom
( |Qm mgi“ Cartan 2mix C O!;IG C )
PryP L 148, 2
T ey O ey
I pieRy (xplypl ¢! B’Cz)‘x’

(1.62)

8For further developments see [61, 67, 62, 68].
9B is the radius of S'.
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where { = es/2 is the fugacity for the angular momentum Ly, of rotations along ¢, and the

g-Pochhammer symbol is defined as

[}

() = [J(1 —xq"), for 0<g<1. (1.63)
n=0

The contribution of a U(1) topological symmetry is the same as before.
Reducing down to S', the Q2-deformed partition function computes the quantum mechan-
ical index
logZ(n,v,¢) = Tr e (—1)Fe P Lt iArgicLe (1.64)

In this dissertation we shall evaluate the unrefined index at large N for real vy, setting all
real masses oy to zero. One can easily extend it to the complex plane employing holomorphy.

1.6.2 4 =1 gauge theories on 2 x T?

The topologically twisted index of an .#” = 1 gauge theory with vector and chiral multiplets
and a non-anomalous U(1)z symmetry in four dimensions is given by [18]'°

Z0v) = ¥ 4, TI (@) (pEeoeto T [ 230

mel"h ¢ Canan (27‘[1)6 acG m (q)

. o7(m Of 1
”] (q) I( ) 1( )
XH H :|

:
I preRy [91 (xPryPL; q)

(1.65)

b

2WiT

where g = e and 7 is the complex modulus of the torus. Here, the zero mode gauge

variables x = e’ parameterize the Wilson lines on the two directions of the torus

u:27r]{ A—anj[ A, (1.66)
A-cycle B-cycle

and are defined modulo
uj ~ uj+2nn+2wmt, n.me. (1.67)

In this formula, 6;(x;q) is a Jacobi theta function and 7n(g) is the Dedekind eta function (see
appendix A.2). Let us remark that, there exist particular choices of background magnetic

fluxes n for which the ), truncates to a single set of gauge fluxes m [70]. However, for

190ne can pull out a gauge independent factor — the supersymmetric Casimir energy — from (1.65) [69].
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generic background fluxes this does not happen and we need to sum an infinite number of
contributions.

In order for the integrand in (1.65) be a well-defined meromorphic function on the torus
the one-loop contributions must be invariant under the transformation x? — ¢P(¥) x?, where
y € Ij. Applying x° — ¢P (") xP and using (A.10) we find

Zgauge, off Zgauge, off H (— 1)—04(7/) e—inra(y)Z e—ia(u)a(y)

1—loop 1—loop )
aeG
chiral |, zehia PIVB Gimspr (1B Gipipu (B gimi ol g O
Zl—loop _>Zl—loop <_1) € e e 1 .
preR;

Putting everything together, the total prefactor in the integrand vanishes if we demand the

following anomaly cancellation conditions:

Z o(y Z Z (ny—1)ps(7)* =0, U(1)g-gauge-gauge anomaly,
acG I prefR;

Z o(7y) Z Z (ny—1)pr(y)p(u) =0, U(1)g-gauge-gauge anomaly,
acG I prefy

Z Z p1(7)*pr(m) =0, gauge® anomaly,

L e 3 (1.69)
Y Y pi()p(wpi(m) =0, gauge® anomaly,

I pieRy

Z Z )p,( )=0, gauge-gauge-flavor anomaly ,
I pieRy;

Z Z ny—1)ps(y) plf(A) =0, U(1)g-gauge-flavor anomaly .
I pieRy

The signs cancel out automatically for all D3-brane quivers since the number of arrows
entering a node equals the number of arrows leaving it.

Notice that the index can be interpreted as a trace over a Hilbert space of states on S? x S!
Z(n,y,q) = Trpe(=1)" g™ HyJ’ : (1.70)

where the Hamiltonian Hy on S? x S! explicitly depends on the magnetic fluxes n;.
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1.7 The .¥-extremization principle

The Bekenstein-Hawking entropy of a dyonic BPS black hole in AdS4 with a charge vector
(n7,qr) can be obtained by extremizing .# (A7) = log Zscrr (Ar,ny) —iY.; Arqr, at large N,
9.7 (4r) :

—_ (A7) =0, (1.71)
aAl? Z[GWa A[GZTL’Z

and evaluating it at its extremum A;:

/‘cm(“ﬁ%) = Spu(n1,q1) - (1.72)

In the purely magnetic case (g; = 0) the extremization (1.72) leads to real values for the
critical points A; and the index .#(A;). However, in the dyonic case the saddle-point is
complex and one has to impose a constraint on the charges that the index .# (4;) is a real
positive quantity [see the discussion around (4.2)]. This procedure, dubbed ¥ -extremization

in [10, 11], comprised two conjectures:

1. Extremizing the index unambiguously determines the exact R-symmetry in the unitary

A =2 superconformal quantum mechanics in the infrared (IR).

2. The value of the index at its extremum is the regularized number of ground states.

1.8 Attractor mechanism

In this section we give a short introduction to an important feature of static BPS black holes
in four-dimensional .#” = 2 gauged supergravity. More details can be found in the main text.

The four-dimensional supergravity theory has ny Abelian vector multiplets, parameteriz-
ing a special Kahler manifold .2 with metric g;5, in addition to the gravity multiplet (thus a
total of ny + 1 gauge fields and ny complex scalars). The presence of hypermultiplets just
add algebraic constraints [34, 71]. So we only concern ourselves with vector multiplets. The
scalar manifold is defined by the prepotential .7 (XA ), which is a homogeneous holomorphic
function of sections X*.

Let us define the central charge of the black hole 2 and the superpotential .Z,

¥ =X <qAXA—nAFA), =) <gAXA—gAFA>. (1.73)
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where (g, g4) are the magnetic and electric gaugings of the theory, .#” is the Kihler potential

and
P = 89(XA)
A= T gxA

Here A =0,...,n,. Then, the Bekenstein-Hawking entropy of the black hole with magnetic

(1.74)

and electric charges (n*,g4) can be obtained by extremizing the functional [32]

jsugra(XA) = i? y (1.75)
with respect to X A This is the so-called attractor mechanism [72]: the area of the black hole
horizon is given in terms of conserved charges and is independent of the asymptotic moduli.

In the rest of the thesis we work in the gauge
Xt =1. (1.76)

In consistent models we can always apply an electric-magnetic duality transformation so that
the corresponding gauging becomes purely electric, i.e., g% = 0.

1.9 Main results

In the course of our analysis, we find a number of interesting general results which we shall

review in this section.

1.9.1 ¥ =2 field theories on S2 x S!

In the large N limit, we find a simple universal formula for computing the index from the

—~

twisted superpotential, %' (4;), as a function of the chemical potentials,

log Z(Ar,ny) = —%77@,) —ZI‘, [(n,—%) af—x’)] . (1.77)
We call this the index theorem. It allows to avoid the many technicalities involved in taking the
residues and including exponentially small corrections to the index. By comparing the index
theorem with the attractor formula for the entropy of asymptotically AdS4 black holes, we are
also led to conjecture a relation between the twisted superpotential and the prepotential of the
dimensionally truncated gauged supergravity describing the compactification on AdS4 x Y7,

with Y7 a Sasaki-Einstein manifold. This relation is discussed in section 2.7.
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Furthermore, we find an explicit relation between the twisted superpotential and the §°
free energy of the same .4~ > 2 gauge theory. Although the two matrix models are quite
different at finite N, the BAEs and the functional form of the twisted superpotential in the
large N limit are identical to the matrix model equations of motion and free energy functional
for the path integral on S> found in [73]. This result implies that the index can be extracted
from the free energy on S° and its derivatives in the large N limit. It also implies a relation
with the volume functional of (Sasakian deformations of) the internal manifold ¥7. These
relations deserve a better understanding.

1.9.2 4 =1 field theories on $2 x T2

The explicit evaluation of the topologically twisted index in four dimensions is a strenuous
task, even in the large N limit. However, the index greatly simplifies if we identify the
modulus T = i3 /27 of the torus T2 with a fictitious inverse temperature f3,!! and take the
high-temperature limit (f — 0). In this limit, we can use the modular properties of the
elliptic functions under the SL(2,7Z) action to simplify the result.
In the high-temperature limit, we find a number of intriguing results, valid to leading
order in 1/p.
First, we obtain an explicit relation between the twisted superpotential and the R-
symmetry 't Hooft anomalies of the ultraviolet (UV) four-dimensional .4~ = 1 theory
N 3 1673
W (A1) = = [TrR* (&) — TrR(Ar)] = == [3¢ (A1) —2a(4A))] (1.78)
68 27
where R is a choice of U(1)g symmetry and the trace is over all fermions in the theory. Here,
we use the chemical potentials A; /7 to parameterize a trial R-symmetry of the .4~ = 1 theory.
Details about this identification are given in the main text. In writing the second equality
in (1.78) we used the relation between conformal and R-symmetry 't Hooft anomalies in
A =1SCFTs [74],
9 9

3 5
= —TrR>*— —TrR = —TrR>— —TrR. 1.79
T3 Tt Tyt Tt (1.79)

Secondly, the value of the index as a function of the chemical potentials A; and the

set of magnetic fluxes n;, parameterizing the twist, can be expressed in terms of the trial

"'"The torus partition function at a given T would correspond to a thermal ensemble while the elliptic genus is
only counting extremal states. Thus, the temperature represented by Im 7 is fictitious.
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left-moving central charge of the two-dimensional .#” = (0,2) SCFT as

2

Y/
IOgZ(A[,n]) = _@Cl (A],n]) . (180)

This is related to the trial right-moving central charge ¢, by the gravitational anomaly &
[40, 41],
cr—c =k, k:Tr}@. (1.81)

Here, 73 is the chirality operator in two dimensions. We should emphasize that (1.80)
does not receive logarithmic or polynomial corrections in powers of ¢;/f3, it is exact up to
exponentially suppressed contributions. The density of states dp;cro 1 then given by (1.57)
and it reads

)—(%’—H)/Z

dmicro(11,90) o< A (n1) (Scardy Liz41)/2(ScCardy) » (1.82)

where I, is the standard modified Bessel function of the first kind (5.48). Here % denotes
the rank of the global symmetry group (including the R-symmetry), g is the electric charge
conjugate to B '2 (see section 1.9.3) and

Scaray = 271/ — ("6’)‘10 . (1.83)

Finally, there is a simple universal formula at leading order in N for computing the index

from the twisted superpotential as a function of the chemical potentials Ay,

3 A\ W (A)) w2
logZ(A =—=W(A)— —— | —=—" | =—=c(A 1.84
ogZ(Ar,ny) = —— (A1) ZI:[(W n) A, 6Bcr( nnr), o (1.84)
where the index 7 runs over the bi-fundamental and adjoint fields in the quiver. In the large N
limit the twisted superpotential can be written as

W (A) = 167° (Ar) (1.85)

/) = 27 B alAr). .

These formulae are valid for theories of D3-branes, where TrR = &/(1) and ¢ = a at large N
[75]. These topologically twisted theories have holographic duals in terms of black strings in
AdSs x Y5, where Y5 are five-dimensional Sasaki-Einstein spaces [40, 41].

12In a superconformal theory, the operator H; in (1.70) equals the zero mode generator Lq of the supercon-
formal algebra. The electric charge qq is the eigenvalue of L.
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There is a striking similarity with the results obtained for the large N limit of the
topologically twisted index of three-dimensional .#" = 2 field theories on S? x S! (see
subsection 1.9.1), if we replace

central charge a(4;)  +— free energy on S°
central charge ¢, (A7,n;) «— black hole entropy

c-extremization <« ¥-extremization.

Indeed, in three dimensions, the very same formula (1.84) holds with the twisted super-
potential given by the S3 partition function Fg of the gauge theory. Notice that Fg is the
natural replacement for a, both being monotonic along RG flows [76, 73]. Furthermore,
both of them can be computed, as a function of Ay, in terms of the volume of a family of
Sasakian manifolds [77-80, 73]. In addition, in three dimensions, the dual AdSs black string
is replaced by a dual AdS4 black hole and log Z computes the entropy of the black hole. As
discussed in section 1.7, the Bekenstein-Hawking entropy is obtained by extremizing log Z
with respect to A; (.7 -extremization). Similarly, as it was shown in [40, 41], the exact central
charge of the two-dimensional SCFT is obtained by extremizing the trial right-moving central
charge with respect to A;. Given the relation (1.84) we see that c-extremization corresponds
to .# -extremization.

Notice also that our results (1.84) and (1.85) are compatible with a very simple relation
between the field theoretical quantities TrR>(A;) and ¢, (A7, n;) that is worthwhile to state

separately,

3
M} ) (1.86)

a3 _ A
cr(Ar,ng) =3TrR’(A) —|—7T; {(n[ T ) A,

1.9.3 _.7-extremization versus attractor mechanism

We can ignore the linear relation among the chemical potentials and use a set of A; such
that %' (Ay) is a homogeneous function of degree two (in three dimensions) or three (in four

dimensions) of the A; alone. In this case, the index theorem simplifies to

87/ (Ar)

IOgZ A],I‘l] Z‘ﬂ[ o4,

(1.87)

This is due to the form of the differential operator in (1.77) [or (1.84)] and ) ;cy, ny = 2.
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The .7 -extremization is then telling us that upon extremizing

oW (4;)
F(A = —_ny——>—IA 1.88
(Ar,ny) ;( ny IA i 1611> , (1.88)

with respect to the chemical potentials A; (under the constraint that } jcy, Ay = 27), its value
at the extremum A; precisely reproduces the black hole entropy. Comparison of (1.88) with

the attractor equation (1.75) suggests the following relations
A<XA, W (A) < iF (XD, (1.89)

also valid before extremization.!® Thus, in both three and four dimensions, the .# -extremization
principle corresponds to the attractor mechanism [32, 82, 83, 45, 44] on the supergravity

side.

ABJM on 52 x S'. This relation certainly holds for the .# = 6 ABJM theory which is
holographically dual to M-theory on AdSy x S7/Z;. The twisted superpotential for this

theory reads (see section 2.2.2.1)

22
W (Ag) = T\/_kl/zN3/2\/A1A2A3A4. (1.90)

which can be clearly mapped to the holomorphic prepotential
F (X)) = —2iVXOX1X2X3 (1.91)

of the so-called STU model (consisting of three vector multiplets in addition to the gravity

multiplet) in four-dimensional .#” = 2 gauged supergravity.

D2, on S? x S'. In chapter 4, we demonstrate another example of the relation (1.89). The
instance of AdS4/CFTj3 correspondence we shall study was finalized in [84] and states that
the massive type IIA string theory on asymptotically AdS4 x S backgrounds admits a dual
description in terms of an .4~ = 2 Chern-Simons deformation (at level k) of the maximal
A = 8 super Yang-Mills theory on the worldvolume of N D2-branes [85, 84]. We will call

13 A relation between the free energy F3 and the prepotential of the compactified theory was already suggested
in [81].



1.9 Main results 27

this model the D2y, theory. Its twisted superpotential is given by (see section 4.3)

. 313/6 i
W(A) = ——— (1——= | k'PN (A1 443)*3 1.92

(]) 5X28/3( \/§) ( 1 23) ( )
As we will show in chapter 4, the effective prepotential describing the near-horizon geometries
constructed in the four-dimensional dyonic .4~ = 2 gauged supergravity, that arises as a

consistent truncation of massive type IIA supergravity on S, reads

33/2 :
F (X1 = —i—— (1 = L) M3 (x'x2x3)? (1.93)
V3

where c is the dyonic gauge parameter. Quite remarkably, the above correspondence (1.89)
holds true including the imaginary part of the twisted superpotential (1.92) and the prepoten-
tial (1.93).

Furthermore, we show that for a generic D2 theory with

|G|
Y ka=IGlk, (1.94)
a=1
the logarithm of the topologically twisted index can be written as'*
37/6x i 1/3 ¢r (n7,47)
logZ (n,A) = —————~ [ 1— — ) (nn)"/3 21210 1.95
eZ{ns A1) 5x210/3< ﬁ) N AT ()

where n = |Glk. Here a(4y) is the trial conformal ’t Hooft anomaly of a four-dimensional
“parent” .# = 1 SCFT on S x T? and ¢,(n;, A;) is the trial right-moving central charge of
the .#" = (0,2) theory obtained by a twisted compactification on S [40, 41, 87]. Let us
stress that, the rdle of the imaginary part of the partition function (1.95) is to fix the electric
charges (conjugate to Ay) such that its value at the extremum is a real positive quantity. We
will explain this better in section 4.1.

Given the interesting connection between the four-dimensional D3-brane theories and
the three-dimensional D2, theories (1.95), it would be intriguing to find the analogous
relation on the supergravity side. In particular, one can expect a close connection between
the supergravity backgrounds discussed in chapter 4 and the black string solutions in five-

dimensional STU gauged supergravity found in [41].

14A similar relation between the three-sphere free energy —log Zs (A;) and the anomaly coefficient a(A;)
was found in [86].
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A =4SYM on §2 x T?2. The AdS dual to topologically twisted .#* =4 SYM is given
by magnetically charged BPS black strings in type IIB string theory on AdSs x S°. In the
high-temperature limit, to leading order in 1/, we find that (see section 5.2.1)

(8 = (V2= )22,

Once we take the high-temperature limit (8 — 0), we are shrinking a circle inside the torus

(1.96)

and effectively dealing with a three-dimensional field theory living on the twisted §? x !
background. Upon compactification geometric symmetries remain as global symmetries of
the lower-dimensional theory. Therefore, the theory in three dimensions has an extra global
U(1) symmetry whose chemical potential can be identified with f3.

On the supergravity side the same story goes through. The near-horizon geometry of
the BPS black string is locally AdS3 x S? x §°. The longitudinal direction along this black
string lies within the AdS3. One could periodically identify the black string!> and perform
a dimensional reduction (as it was already done in [83]) to obtain a 4D black hole. It
interpolates between an AdS; x S? near-horizon region and an asymptotic curved domain-
wall. The only electric charge of the 4D black hole descends from the momentum on the
circle. The prepotential of this theory is given by

X!'x%x3
XO

F (X)) = — (1.97)

Comparing (1.96) with (1.97), we see that (1.89) holds true if we identify 8 with X 0,

1.9.4 Black hole microstates in AdS5

The derivation of the entropy of BPS electrically charged rotating black holes in AdSs x S°
[88-92] in terms of states of the dual .4#” =4 SU(N) SYM theory is still an open problem.
Various attempts have been made in this direction [93-95] but none was really successful.
One could consider the superconformal index [96, 93] since it counts states preserving the
same supersymmetries of the black holes and it depends on a number of fugacities equal to
the number of conserved charges of the black holes.'® However, due to a large cancellation
between bosonic and fermionic states, the index is a quantity of order one for generic values

of the fugacities while the entropy scales like N> [93]. We also know that the supersymmetric

15The near-horizon geometry is then a BTZ black hole.

%0ne can introduce five independent fugacities in the superconformal index with a constraint Z?Zl Ar+
Y2, @; € Z. On the gravity side, the BPS black holes have five conserved charges which satisfy a nonlinear
constraint.
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partition function on S* x S! is equal to the superconformal index only up to a multiplicative
factor e Esusy| where Egysy is the supersymmetric Casimir energy [97-103]. For 4" =4 SYM
it reads (see for example [100])

A 1A2A3

Egusy = —im(N* —1) 0w (1.98)

where Ay and ; are the chemical potentials for the Cartan generators of the R-symmetry and
rotation, respectively. They are subject to the constraint

3 2
YA+) 0=0. (1.99)
I=1 i=1

As can be seen from (1.98), the supersymmetric Casimir Energy is of order N? in the
large N limit; however, it is not clear what the average energy of the vacuum should have to
do with the entropy, which is the degeneracy of ground states. In chapter 6, we show that the
entropy of rotating BPS black holes in AdS5 can be obtained by extremizing the Legendre
transform of a quantity which formally equals —Egsy under the constraint

3 2
Y a+)Y o=1. (1.100)
I=1 i=1

We will give some preliminary discussion about the interpretation of this result in section 6.6.






Chapter 2

Large N matrix models for
three-dimensional .4/ = 2 theories

2.1 Introduction

In this chapter we study the large N behavior of the topologically twisted index introduced
in chapter 1 for three-dimensional .4~ > 2 gauge theories. Here we extend the analysis of
[10, 11] to a larger class of .4~ > 2 theories with an M-theory or massive type IIA dual,
containing bi-fundamental, adjoint and (anti-)fundamental chiral matter. Most of the theories
proposed in the literature are obtained by adding Chen-Simons terms [56, 104-110] or by
flavoring [111-113] four-dimensional quivers describing D3-branes probing Calabi-Yau
three-fold (CY3) singularities. We refer to these theories as having a four-dimensional parent.
They all have an M-theory phase where the index is expected to scale as NV 3/2_ The main
motivation for studying the large N limit of the index for these theories comes indeed form
the attempt to extend the result of [10, 11] to a larger class of black holes. However, the
matrix model computing the index reveals an interesting structure at large N which deserves
attention by itself. In particular, we will point out analogies and relations with other matrix
models appeared in the literature on three-dimensional .4~ > 2 gauge theories.

The method for solving the BAEs is similar to that used in [114, 73] for the large N
limit of the partition function on S° in the M-theory limit and the one used for the partition
function on S° of five-dimensional theories [115—117]. We take an ansatz for the eigenvalues
where the imaginary parts grow in the large N limit as some power of N. The solution to the
BAE:s in the large N limit is then used to evaluate index using the residue theorem. In this

last step we need to take into account (exponentially small) corrections to the large N limit
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of the BAEs which contribute to the index due to the singular logarithmic behavior of its
integrand.

We focus on the limit where N is much greater than the Chern-Simons couplings k,. For
the class of quivers we are considering, this limit corresponds to an M-theory description
when Y, k, = 0 and a massive type IIA one when Y, k, # 0. We recover the known scalings
N3/2 and N5/ for the M-theory and massive type IIA phase, respectively. Similarly to
[73], we find that, in order to have a consistent N 3/2 scaling of the index in the M-theory
phase, we have to impose some constraints on the quiver. In particular, quivers with a chiral
four-dimensional parent are not allowed, as in [73]. They are instead allowed in the massive
type 1IA phase.

In this chapter we give the general rules for constructing the twisted superpotential and
the index for a generic Yang-Mills-Chen-Simons theory with bi-fundamental, adjoint and
fundamental fields and the example of ABJM theory. Many other examples can be found in
the next chapter, including models for well-known homogeneous Sasaki-Einstein manifolds,
suspended pinch point singularity (SPP), N%1.0, 9.1l V32 and various nontrivial checks
of dualities.

The chapter is organized as follows. In section 2.2 we give the general rules for construct-
ing the twisted superpotential and the index for a generic Yang-Mills-Chen-Simons theory
with bi-fundamentals, adjoint and fundamental fields with N 3/2 scaling, and in section 2.3
we derive them. In section 2.4 we prove the identity of the twisted superpotential and the S>
free energy at large N. In section 2.5 we derive the index theorem that allows to express the
index at large N in terms of the twisted superpotential and its derivatives. In section 2.6 we

discuss the rules for a N°/3 scaling. In section 2.7 we give a discussion of some open issues.

2.2 The large N limit of the index

In this chapter we are interested in the large N limit of the topologically twisted index
for theories with unitary gauge groups and matter transforming in the fundamentals, bi-
fundamentals and adjoint representation. As in [10], we evaluate the matrix model in two
steps. We first perform the summation over magnetic fluxes introducing a large cut-off M.!

! According to the rules in [18], the residues to take in (1.59) depend on the sign of the Chern-Simons
couplings. We can choose a set of co-vectors in the Jeffrey-Kirwan prescription such that the contribution
comes from residues with m, < 0 for k, > 0, residues with m, > 0 for k, < 0 and residues in the origin. We
can then take a large positive integer M and perform the summations in Eq. (1.59), with m, <M — 1 (k, > 0)
andm, > 1—M (k, <0).
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The result of this summation produces terms in the integrand of the form

INT (eiB§ ))M o
i=1

B 1
where we defined
X ®
e @ N x;h)y(a,b) — ﬁy(b,a)
jsign(kq)B: 7 __ a)\ky i
A |
bi-fundamentals j=1 | — Zi y x(»b )
(a,b) and (b,a) B (a.b) 55Y (b a)
j NORCS (2.2)
(a) 1— -7
X Ya e
L 1
< I = Il —F=
fundamentals 1 —X; "Ya anti-fundamentals ——Va
a a xl@

and adjoints are identified with bi-fundamentals connecting the same gauge group (a = b).
In this way the contributions from the residues at the origin have been moved to the solutions
of the BAEs

eisign(ka)B§”> —1. (2.3)

It is convenient to use the variables ul(a) and A;, defined modulo 27,2

. (a) . . (a)
xga) = e ) Y1 = elAI ) g(a) = elAm ) (2.4

1

and take the logarithm of the BAEs
0 = log [RHS of (2.2)] — 27in\", (2.5)

(@)

where n; are integers that parameterize the angular ambiguities. The BAEs (2.5) can be

(@)

i

obtained as critical points of an effective twisted superpotential % (u

We then need to solve these auxiliary equations in the large N limit. Once the distribution
of poles in the integrand in the large N limit has been found, we can finally evaluate the index
by computing the residue of the resummed integrand of (1.59) at the solutions of (2.5). In
the final expression, the dependence on M disappears.

ZNotice that the index is a holomorphic function of y; and &. There is no loss of generality in restricting to
the case of purely real chemical potentials A; and A, in (2.4).
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We are interested in the properties of the topologically twisted index in the large N limit
of theories with an M-theory dual. We focus on quiver Chern-Simons-Yang-Mills gauge

theories with gauge group
G =T]UWN)a, (2.6)

and bi-fundamental, adjoint and fundamental chiral multiplets. Most of the conjectured
theories living on M2-branes probing CY4 singularities are of this form. Moreover, many
of them are obtained by adding Chern-Simons terms and fundamental flavors to quivers
appeared in the four-dimensional literature as describing D3-branes probing CY 3 singularities.
We refer to these theories as quivers with a 4D parent. In order to have a CY4 moduli space,

the Chern-Simons couplings must satisfy

Y ky=0. 2.7)

The M-theory phase of these theories is obtained for N > k, and this is the limit we consider
here. We expect the index to scale as N 3/2,
As in [10], we consider the following ansatz for the large N saddle-point eigenvalue
distribution:
u® =N 4@ (2.8)
(@)

Notice that the imaginary parts of all the u; " are equal. In the large N limit, we define
the continuous functions t; = #(i/N) and vl@ =@ (j/N) and we introduce the density of

eigenvalues
1 odi

P(f)—ﬁa, (2.9)

normalized as [dfp(t) = 1.

The large N limit of the twisted superpotential is performed in details in section 2.3.1,
generalizing the analyses in [10]. Here, we report the final result and some of the crucial
subtleties. We need to require the cancellations of long-range forces in the BAEs, as originally
observed in a similar context in [73], and this imposes some constraints on the quiver. Once
tl;e)se are satisfied, the twisted superpotential # becomes a local functional of p(t) and

a

v;"/(t) and it scales as N 3/2_ The same constraints guarantee that the index itself scales as

N3/2,
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2.2.1 Cancellation of long-range forces

As in [73], when bi-fundamentals are present, we need to cancel long-range forces in the

()

BAEs. These are detected by considering the force exerted by the eigenvalue u j on the

(a

eigenvalue u, )in (2.5). They can grow with large powers of N and need to be canceled by

imposing constraint on the quiver and matter content if necessary. Since ug.b) — ul(“) ~ /N
for i # j, when the long-range forces vanish, the BAEs and the twisted superpotential get
only contributions from i ~ j and they become local functionals of p(z) and vl@ (1).

Let us consider the effects of such long-range forces in the twisted superpotential V. A

single bi-fundamental field connecting gauge groups a and b contributes terms of the form

g ) o ()

4 4 ’

(2.10)
i<j i<j
to the twisted superpotential [see Eq. (2.73)]. In the large N limit, they are of order N 5/2 In
order to cancel these terms, we are then forced, as in [73], to consider quivers where for each
bi-fundamental connecting a and b there is also a bi-fundamental connecting b and a. The
contribution of the two bi-fundamentals then cancel out [see Eq. (2.65) and Eq. (2.67)].
From a pair of bi-fundamentals, we get another contribution to the twisted superpotential
of the form [see Eq. (2.70)]
1 @ BN
5 [(Aap = 1)+ (Ap )] ; (/") sign(i— ). 2.11)
JFi
This term can be canceled by the contribution of the angular ambiguities in (2.5) to the

twisted superpotential #

N
272y nul, (2.12)
i=1
provided that,’
Y (m—A)) €2nZ, (2.13)
Ica

where the sum is taken over all bi-fundamental fields with one leg in the node a.* Since
for any reasonable quiver the number of arrows entering a node is the same as the number

of arrow leaving it, this equation is obviously equivalent to ) ;-,A; € 27Z and can be also

3This is actually true only when N is odd. For even N we are left with a common factor 7YY | uEa) which
can be reabsorbed in the definition of & (@),
4 Adjoint fields are supposed to be counted twice.
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written as

[I:=1. (2.14)

Ica
This condition implies that the sum of the charges under all global symmetries of the bi-
fundamental fields at each node must vanish. For quivers with a 4D parent, this is equivalent
to the absence of anomalies for the global symmetries of the 4D theory. Taking the product

over all the nodes in a quiver, we also get
TrJ =0, (2.15)

for any global symmetry of the theory, where the trace is taken over all the bi-fundamental
fermions.
There are also contributions to the twisted superpotential of ¢’(N?). The Chern-Simons

terms give indeed

o, ()
Za:ka ; T (2.16)
However, the ¢’(N?) term cancels out when the condition (2.7) is satisfied. Finally, there is
an O(N?) contributions of the fundamental fields given by (2.79). This vanishes if the fotal
number of fundamental and anti-fundamental fields in the quiver is the same.

We turn next to the large N limit of the index. The vector multiplet contributes a term of
O(N>/?) [see Eq. (2.81)]

ii ()~ + 7). (2.17)

i<j

The contribution of &(N>/2) of a chiral multiplet is [see Eq. (2.86)]:

N
iy Uy ()~ + 7). (2.18)

Ica 2 i<j
To have a cancellation between terms of ¢(N>/2) and ¢(N?) for each node a we must have

2+) (np—1)=0. (2.19)

I€a
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For a quiver with a 4D parent, this condition is equivalent to the absence of anomalies for the

R-symmetry. If we sum over all the nodes we also obtain the following constraint
G| +) (ny—1)=0. (2.20)
1

The above equation is equivalent to TrR = 0 for any trial R-symmetry, where the trace is
taken over all the bi-fundamental fermions and gauginos.

Summarizing, we can have a N/2 scaling for the index if for each bi-fundamental
connecting a and b there is also a bi-fundamental connecting b and a, the total number of
fundamental and anti-fundamental fields in the quiver is equal, Eq. (2.14) and Eq. (2.19) are
fulfilled. All these conditions are automatically satisfied for quivers with a toric vector-like
4D parent and also for other interesting models like [118]. However, they rule out many
interesting chiral quivers appeared in the literature on M2-branes. We note a striking analogy

with the conditions imposed in [73].

2.2.2 Twisted superpotential at large N

In this section we give the general rules for constructing the twisted superpotential for any
A > 2 quiver gauge theory which respects the constraints (2.14) and (2.19):

1. Each group a with CS level k, and chemical potential for the topological symmetry
A,Sf) contributes the term

— ik N3/ / dt p(1)tvalt) — iA\IN32 / dtp()t. (2.21)

2. A pair of bi-fundamental fields, one with chemical potential A, ;) and transforming
in the (N,N) of U(N), x U(N), and the other with chemical potential A, ,) and
transforming in the (N,N) of U(N), x U(N),, contributes

iN/? / drp (1) [g4 (8v(1) +4p0) — 8- (6v(1) —Awp)] . (222)

where dv(t) = v, (t) — v4(t). Here, we introduced the polynomial functions

3 2 2 2

w_mo, = , u T
_ T _w z 2.2
g+ (u) gy U gl (u) 5 Frut =, (2.23)
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and we assumed them to be in the range
0<ov+Apq <27, =2 < 6v—Aup) <0, (2.24)

which can be adjusted by choosing a specific determination for the A that are defined
modulo 2. We will also assume, and this is certainly true if §v assumes the value
zero, that

0< A< 2m. (2.25)

3. An adjoint field with chemical potential A, ,), contributes
ig+ (40N [ dtp(?. (2.26)

4. A field X, with chemical potential A, transforming in the fundamental of U(N),,
contributes

_ §N3/2/dtp(t) It] [va(t) + (Aq— n)] , (2.27)

while an anti-fundamental field with chemical potential A, contributes?
N2 / dtp (o) ] [valt) ~ (Aa— )] (2.28)

Adding all the previous contributions for all gauge groups and matter fields, we get a
local functional # (p(t),v4(t),Ar) that we need to extremize with respect to the continuous
functions p(¢) and v,(¢) with the constraint [dsp(z) = 1. Equivalently we can introduce a

Lagrange multiplier y and extremize

o080  fap)-1). (2.29)

This gives the large N limit distribution of poles in the index matrix model.

The solutions of the BAEs have a typical piece-wise structure. Eq.(2.29) is the right
functional to extremize when the conditions (2.24) are satisfied. This gives a central region
where p(¢) and v,(¢) vary with continuity as functions of 7. When one of the §v(z) associated
with a pair of bi-fundamental hits the boundaries of the inequalities (2.24), it remains frozen
to a constant value 6v = —A(p,q) (mod 27) or ov = A(p,q) (mod 27) for larger (or smaller)
values of 7. This creates “tail” regions where one or more 6v are frozen and the functional

(2.29) is extremized with respect to the remaining variables. In the tails, the derivative of

SWe also assume 0 < v,(t) + A, < 2w and 0 < —v,(t) + A, < 27.
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(2.29) with respect to the frozen variable is not zero and it is compensated by subleading
terms that we omitted. To be precise, the equations of motion [see Eq. (2.59)] includes

subleading terms

o +iNp [Lil (ei(&ﬂ(ua))) —Li (ei(&*A(avb)))} —0, (2.30)
d(6v)

which are negligible except on the tails, where dv has exponentially small correction to the

large N constant value

§v=—Apg+e N o0, Sv=Ay, —e VM mod2x. 2.31)
The quantities Y are determined by equation (2.30) and contribute to the large N limit of the

index.

2.2.2.1 The ABJM example

As an example, we briefly review here the solution to the BAEs for the ABJM model found in
[10]. The reader can find many other examples in chapter 3. ABJM is a Chern-Simons-matter
theory with gauge group U(N); x U(N)_y, with two pairs of bi-fundamental fields A; and B;
transforming in the representation (N,N) and (N,N) of the gauge group, respectively, and
superpotential

W =Tr(A|B1A2By — A1 B2A2B)) . (2.32)

We assign chemical potentials A, € [0,27] to A; and Az 4 € [0,27] to B;. Invariance of
the superpotential under the global symmetries requires that } ; A; € 277 (or equivalently
[1;y: = 1). Conditions (2.14) and (2.19) are then automatically satisfied. The twisted
superpotential, for k = 1,° reads

7 =il dr{rp(r) 6v<r>+p<r>2[ Y s (8v()+a) - Y g <6v<r>—Aa>”
(2.33)

5There is a similar solution for k > 1 with % — # v/k. However, we also need to take into account that, for
k > 1, there are further identifications among the A; due to discrete Z; symmetries of the quiver.
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The solution for Y ; Ay =27 and A; < Ay, A3 < A4 is as follows [10]. We have a central

region where

2wy +Z(A3A4 - A1A2>

p= ’
(A1 +A3) (A2 + A3) (A1 + A4) (A2 + A4) B, K 234
Sy = 'u(AlAZ — A3A4) +1Y a<b<cAalpAc Ay Ay
27[[,L—|—I<A3A4—A1A2) ’
When v hits —A3 on the left the solution becomes
p= Ht s v=—4y, LB s
(A1 +A43) (A2 + A3)(Ag — A3) A3 Ay

with the exponentially small correction Y3 = (—tA4 — 1) /(A4 — Az), while when 6v hits A;
on the right the solution becomes
H H

H—1tA
,0v=A;, — <t < —, (2.36)
Ay +A3)(A1 +A4)(A2 —Al) ! As Ay

P

with ¥} = (tA; — 1) /(Az — Ay). Finally, the on-shell twisted superpotential is

— 2i 2iN3/2
P (p(0),69(1),A1) [y, = 3 NV = =5 V24142344 (2.37)

There is also a solution for } ; A; = 6 which, however, is obtained by the previous one by a
discrete symmetry A; — 27w — Ay (y1 — y;l).

2.2.3 The index at large N

We now turn to the large N limit of the index for an .4~ > 2 quiver gauge theory without
long-range forces. Here, we give the rules for constructing the index once we know the large
N solution p(t),v,(t) of the BAE, which is obtained by extremizing (2.29). The final result
scales as N/2.

1. For each group a, the contribution of the Vandermonde determinant is
71.2
- ?N3/2 / drp(1)?. (2.38)

2. A U(1), topological symmetry with flux t, contributes

— t,N3/? / drp(t)t. (2.39)
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3. A pair of bi-fundamental fields, one with magnetic flux n(, ;) and chemical potential
A, p) transforming in the (N,N) of U(N), X U(N), and the other with magnetic flux
(54 and chemical potential A, ;) transforming in the (N,N) of U(N), x U(N)y,
contributes

_ N3 / drp () [(n(p) = 1) 8} (8V(1) + At ) + ((ap) = 1) 8~ (8v(r) = Arup)] -

(2.40)
4. An adjoint field with magnetic flux n(, ) and chemical potential A, ), contributes
- (n(a,a) - 1)81&- (A(aﬂ)) N3/2/dtp(t)2. (2.41)

5. A field X, with magnetic flux n, transforming in the fundamental of U(N),, contributes

| v
Sa= DN [arp(o)i, (2.42)

while an anti-fundamental field with magnetic flux f1, contributes
1
5 (fla = 1)N3/2 / drp(t)le]. (2.43)

6. The tails, where Ov has a constant value, as in (2.30), contribute

—n aN3/2/ dr p(£)Yp ) — 14 N3/2/ drp ()Y, 1,
(b.a) Sva—A(p o) (mod 27) p() (ba) ™ Hab) 8vaA (4 ) (mod 271) p() (@b)
(2.44)

where the integrals are taken on the tails regions.

As an example, for ABJM, using the above solution of the BAEs, one obtains the simple

expression [10]
3/2

N 4
RelogZ(ny, A7) = ———/24144:4, )° Z—i. (2.45)
I=1

2.3 Derivation of matrix model rules

In this section we give a detail derivation of the rules presented in subsections 2.2.2 and 2.2.3
for finding the twisted superpotential and the index at large N. This section is rather technical
and can be skipped on a first reading.
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We consider the following large N saddle-point eigenvalue distribution ansatz

W = iN%; (2.46)

(@)

Note that the imaginary parts of the u;"” are equal. We also define

v =\ () (2.47)

1

At large N, we define the continuous functions #; = ¢(i/N) and vl(a) = v(@(i/N) and we
introduce the density of eigenvalues

1 di
H=—= 2.48
pi) =54 (2:48)
normalized as [ dfp(¢) = 1. Furthermore, we impose the additional constraint
|G|
Y k=0, (2.49)
a=1
corresponding to quivers dual to M-theory on AdS4 X Y7 and N 3/2 scaling.
2.3.1 Twisted superpotential at large N
We may write the BAEs as
0 = log [RHS of (2.2)] — 27in\” (2.50)

where nga) are integers that parameterize the angular ambiguities. We define the “twisted
superpotential” as the function whose critical points give the BAEs (2.50). In the large N

limit the twisted superpotential # will be the sum of various contributions,
i/v: VZ/CS + %i—fund + %djoint + %anti—)fund ) 2.51)

o will be determined to be 1/2 by the competition between Chern-Simons terms and matter
contribution.
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2.3.1.1 Chern-Simons contribution

(@)

Each group a with CS level k, and topological chemical potential A, contributes to the

finite N twisted superpotential as

— N k 2
WS = {__“ ul —A,Sf’)ul@“)} : (2.52)
|5 ()

Given the large N saddle-point eigenvalue distribution (2.46), we find

wCS _ ka N2 -2 ay (@) | Ala)
= SN Y 2N Y (kati) + A7) (2.53)
i=1 =

i=1

Summing over nodes the first term vanishes (since Z‘aczll k, = 0). Taking the continuum limit,
we obtain
WS — _ik, N / de p(1)tva(r) — iN'HEAL / dtp(1)t. (2.54)

2.3.1.2 Bi-fundamental contribution

For a pair of bi-fundamental fields, one with chemical potential A, ;) transforming in the
(N,N) of U(N), x U(N) and one with chemical potential A, ;) transforming in the (N, N)
of U(N), x U(N)y, the finite N contribution to the twisted superpotential is given by

%Bi-fund _ Z i |:L12 (ei<u§~b)—u§a>+A(b,a)>> . le (ei<u§h>—u§”)—A(a,h))):|

bi-fundamentals i, j=1
(b,a) and (a,b)

B Z i [(A(b,a) )+ (A(a,b) — ) (u(b) B ul(a))] 7

bi-fundamentals i, j=1
(b,a) and (a,b)

(2.55)

up to constants that do not depend on uﬁ.b), ufa).
We would like to remind the reader that all angular variables are defined modulo 27. Part

of the ambiguity in A; can be fixed by requiring that
0< 5V+A(b7a) <2r, -2 < &v _A(a,b) <0. (2.56)

The remaining ambiguity of simultaneous shifts 8v — 6v+27, A, ) — A(ap) + 27, Apa) —
A(p ) — 27 can also be fixed by requiring that 6v(¢) takes the value O somewhere, if it vanishes
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at all, which we assume. We then have
0< A< 2rm. (2.57)

To compute gpoifund e hreak

ZL12< - <+A<M>> ZL12< (= +A“’”>>+EL12( i “EH)JFA(’%G)))

i,j=1 z>] i<j

+ Zle ( < ( >+A(ba)>) )
(2.58)

The crucial point here is that the last term is naively of ¢'(N) and thus subleading; however,
we should keep it since its derivative is not subleading on part of the solution when v hits

A(ap) OF —A(p ). Therefore, we keep

N / dip(t) [Liz (ei( <>+Aba)) le( (5V<f>*A<a,b>))}. (2.59)

This will be important in the tail contribution to the twisted superpotential. The second term
in (2.58) is

Zle ( < _ul >+A(ba )) :Nz/dtp(t) /dl/p(t/) Li, <ei(ub(l/)_“a(t)+A(b,u))) . (2.60)
t

i<j

We first write the dilogarithm function as a power series

L12 i

(2.61)

Then, we consider the integral
Ik — /dt p lk ub ) (t)+A(b7a))

/dt/ —kN®('—1) Z (' —1) [ )eik(vb(x)*va(t)nLA(b,a)) ,

xX=t

(2.62)

where in the second equality we have Taylor-expanded the integrand around the lower bound.

Doing the integration over ¢’ we see that the leading contribution is for j = 0, thus

_ p(l,) eik(vb(t)*va(t)‘l’A(b,a)) iy
I = e +ON2). (2.63)
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Substituting we find

() _ (@) .
ZLIZ (el(uj —u; +A(bﬁa)>) :NZ—a/dt L13 (el(év(t)-i-A(b’a))) p(t)2+ﬁ(N2—2(X) ) (264)

i<j

Next, we need to compute the first term in (2.58). In order for the integral to be localized at

the boundary, we need to invert the integrand. Since 0 < Re (u&b) — ul@ + A(bﬂ)) <2m:

()  (a) 2
' a (e w;” —u; +A )
Liy (ez(uﬁb)ug >+A(b,a))) — _Li, (ez ("‘z( )ui‘b)ija))) n ( J i (b,a)
2 (2.65)

2
(b) _ (a) T
_77:<uj —Uu; +A(b,a)>+? .

The summation } ;. ; of the first term in the latter expression is similar to (2.64) but with

—Lis (e—i (8v(x )+A<”-ﬂ>)> instead of Liz. The two contributions may then be combined, using
(A.5),
N2a / dr [Li3 ( ei(ﬁv(t)JrA(b,a))) — Lis (e*i(‘SV(fHA(h,a)))} p(r)?

=N [ drg (8v(0)+ M) PP,

where we have introduced the polynomial function g (u) defined in Eq. (2.23).

(2.66)

The second term in the first line of (2.55) can be treated similarly. We now have
21 < Re(u&b) —ul Agap)) <0and

1

() _ @ _ 4 )2
“Li <ei(“5b)“5 )A<a-b>>> ~Li, (ei<”t( )uﬁ”)ﬂm,m)) _ (“J Ui T Aab)
2 (2.67)
2

-7 <u§-b) - ul(a) — A(a.,b)) - % .

As before, the result of the summation } ;. ; together with that of };; yields a cubic

polynomial expression
_ N / drg (8v(t) — Awp)) P(1)?, (2.68)

where g_ (u) is defined in Eq. (2.23).



46 Large N matrix models for three-dimensional .4~ = 2 theories

The left over terms from (2.65) and (2.67), throwing away the constants which do not

affect the critical points, are

(A=) + (A~ )] L (1"~ 269

i>j

which, combined with the second line in (2.55), gives

1 A\ - .
3 (A —7) + (Apay—7)] ), <u§-b) - ul( )> sign(i — j). (2.70)
i#]
This term can be precisely canceled by
S ) (b
—2x Y (P =) (2.71)
i=1

provided that ¥, A; € 27"
Notice that a single bi-fundamental chiral multiplet, with chemical potential A, ),
transforming in the representation (N,N) of U(N), x U(N), contributes to the twisted

superpotential as

()

(v, (v ‘“5“)+A<baa>)2
5 | (e O A 4 )_ y , (2.72)

i,j=1

Using Eq. (2.65) we find the following long-range terms

2 2
P ) )
— . (2.73)
i<j 4 i<j 4

In the large N limit, they are of order N°/% and cannot be canceled for chiral quivers.
To find a nontrivial saddle-point the leading terms of order N!*% and N>~ have to

be of the same order, so we need o = 1/2. Putting everything together we arrive at the
final expression for the large N contribution of the bi-fundamental fields to the twisted

"When N € 2Z>¢ + 1. For even N one can include an extra (—1)™ in the twisted partition function, which
can be reabsorbed in the definition of the topological fugacity £, to compensate the overall factor of 7.
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superpotential

Jbifund _ 532 /dtp g+ (8v(1) +Ap.ay) — 8- (8v(1) = Arap))] -

b1 fundamentals
) and (a,b)

(2.74)

In the sum over pairs of bi-fundamental fields (b,a) and (a, b), adjoint fields should be
counted once and should come with an explicit factor of 1/2. Keeping this in mind and
setting vy = Va, A(p.a) = A(ap) = A(aa) » We find the contribution of fields transforming in
the adjoint of the ath gauge group with chemical potential A, to the large N twisted

superpotential,

W&djOlnt N3/2 Z g+ aa /dlp (275)

adjoint

(a,a)
2.3.1.3 Fundamental and anti-fundamental contribution

The fundamental and anti-fundamental fields contribute to the large N twisted superpotential

a58

W(antl fund __ {" Z Lis (ei(_“l(a)"'j‘l)) B Z Lis ( < l(a)_Aa))

i=1 | anti-fundamental fundamental
a a
N
Ly G-+ Y (Aa—m)ul®
2 a i a i
i=1 | anti-fundamental fundamental
L a a
L @)2 @)2
XX (W) X (u)
i=1 | anti-fundamental fundamental
L a a

(2.76)
Let us denote the total number of (anti-)fundamental fields by (7,)n,. Substituting in
y/ (@nti)iund the ansatz (2.46) and taking the continuum limit, the first line contributes

_@NZ dlp(t)tz
t>0

—|—iN3/2/t>Odtp(t)t Yy [va(r)—(ja—n)]— ) [Va(t>+(Aa_7r)] :

anti-fundamental fundamental
a a

(2.77)

8Up to a factor — (i, — n,)u; /2 that cancels at this order for total number of fundamentals equal to total
number of anti-fundamentals, which we will need to assume for consistency.
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while the second and the third lines give

('15’4;"“)N2/dtp(t)t2
i 3/ ~
N /dtp(t)t Y [W0-Ge-m]- T [+ (aa-7)]
anti-fundamental fundamental
(2.78)
Combining Eq. (2.77) and Eq. (2.78), we obtain
%anti-)fund _ (ﬁa — na)Nz/dt Otle
L PN [arp(oytl
+IN32 /dtp |t\ valt) = (Aq —n)]
2 anti- fundamental (2-79)
_ Iy /dtp )1t [valt) + (40— 7)]
2 fundamental
Summing over nodes the first term vanishes, demanding that
|G|
Y (ig—na) =0. (2.80)
a=1

We see that we need to consider quivers where the total number of fundamentals equal the

total number of anti-fundamentals. For each single node this number can be different.

2.3.2 The index at large N

We are interested in the large N limit of the logarithm of the twisted partition function.

2.3.2.1 Gauge contribution

Given the expression for the matrix model in section 1.6.1, the Vandermonde determinant

contributes to the logarithm of the index as

K@) £ 2 (a)

logH l—ﬁ logH {a —ﬁ

iz Y j (2.81)
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The first term is of & (Nz) and, therefore, a source of the long-range forces and will be
canceled by the contribution coming from the chiral multiplets. The second term is treated as

in section 2.3.1.2, and gives
2
Relog Z&Wee = —?N3/2 / dtp(t)*+ G(N). (2.82)

2.3.2.2 Topological symmetry contribution

A U(1), topological symmetry with flux t, contributes as i 25\1:1 ul(a)ta. In the continuum
limit, we get
Relog Z' — —,N*/2 / drp(t)t+ ON). (2.83)

2.3.2.3 Bi-fundamental contribution

We can rewrite the contribution to the twisted index of a bi-fundamental chiral multiplet trans-
forming in the (N,N) of U(N), x U(N),, with magnetic flux 15,4y and chemical potential

A(p.a) as:’
Iz_vI X 5 (20— 1) 1 NN
—Y(b,a a X
i=1 xl(“) (ba) xl()
> _1) Npa)—1 npa—1
N (a), (b) 2 (100 (b)\ " (@) "®a)
| B (G D i L= Yy 1oyl S
<j A0, 0) (b’a)x(a) (b.a) ()
=/ i 7 i i

(2.84)
The first term in []; is subleading and the second term only contributes in the tail where
OV —Apq).

N (g —1) [arp(nytog (1—e(®+400))

32 (2.85)
=—-N (n(b.ﬂ)—l) s gt&(t)y(b,a)(t)+ﬁ(N)
VETA(ba)
The first two terms in [[;; give a long-range force contribution to the index
i b b
S (=) X [ (1 = +7) + () = +7) | (2.86)

i<j

The phases can be neglected, as we will be interested in log |Z|.
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while the last two terms result in
N3/2 _1 /dtp - (6V+Aba)> +L12( (6V+A<b’a))>:| +ﬁ(N>

(2.87)
= —N3/2 —1) /dtp 8v(t)+Appa) + O(N).
A bi-fundamental field transforming in the (N,N) of U(N), x U(N)j, with magnetic flux
() and chemical potential A, ) gives the same contribution with the replacement a <> b
and 6v — —ov.
The long-range force contribution of bi-fundamental fields at node a cancels with the

gauge contribution in (2.81), provided that

2+) (n—1)=0, (2.88)
Ica
where the sum is taken over all chiral bi-fundamentals / with an endpoint in a.
In picking the residues, we need to insert a Jacobian in the twisted index and evaluate

everything else at the pole. The matrix B appearing in the Jacobian is 2N x 2N with block

form (a) (@)
@ () 9e”s
(a) () X "~ XN Ty
8(61B1 eiBj ) l ax(a) l 8x(b)
B= @ () 0 ) ) (2.89)
d(logx,” logx;”) (@) 9e'Bi ) 9e'Bi
URFNCERGRPND
! I 2NX2N
and only contributes in the tails regions,'®
~logdetB=-N"2 } di p (1) Yy a) (1)
bi-fundamentals 7 8V~ —Ap.a)
(b,a) and (a,b) (2.90)
+ 5v~%tp(t) Yiup)(t) + O(NlogN).
~Aap)

Summarizing, pairs of bi-fundamental fields contribute to the logarithm of the index as

Relog 244 = N e (v =185 () + 400)
bi- fundamentals (2.91)

(b,a) and (a,b)
+ (ngap) — 1) & (8v(1) = A |-

10We refer the reader to [10] for a detailed analysis of the Jacobian at large N.
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The tails contribution is also given by

RelogZDi™ = —N32 Y nga [ dip(t) Ypa(t)

bi-fundamentals v —Ap )
(b,a) and (a,b) (2.92)
0y [ oY (0):
SVNA(mb)

A field transforming in the adjoint of the ath gauge group with magnetic flux n(, ;) and
chemical potential A, ;) only contributes to the bulk index. To find its contribution we need
to include an explicit factor of 1/2 in the expression (2.91) and take

Vp = Vg, A(b,a) = A(a,b) = A(a,a) s n(b,a) = n(ab) = ‘Il(aﬂ) . (2.93)

2.3.2.4 Fundamental and anti-fundamental contribution

The fundamental and anti-fundamental fields contribute to the logarithm of the index as

1 fig—1

logII_VI I (xl(a)>z(ﬁa1) [1 5, (x@)l] y

i=1 anti-fundamental
a

x§a>)5(““1) {1 . (xl(a))lrl . (2.94)

fundamental
a

Using the scaling ansatz (2.46), in the continuum limit we get

logII_vI I1 (xl(“))%(ﬁ“l) 11 <xl(a)>é(na1)

i=1 anti-fundamental fundamental
a a

Ny Gee Y () /dtp(t)t—}—ﬁ(N), (2.95)

2 anti-fundamental fundamental
a a

and
{1——y;1(xy”>_4]na_l

= N3/? Y  -D+ Y (ne—1) dip(t)t+O(N).  (2.96)

anti-fundamental fundamental >0
a a

4 @\~ 1™
o] I [p%@w]
i=1 anti-fundamental fundamental
a a
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Putting the above equations together we find:

- 1
RelogZ ™ —ZN32 | Y (-4 ¥ (-1 [arp(0)l].
anti-fundamental fundamental
a a
(2.97)

2.4 Twisted superpotential versus free energy on S°

We would like to emphasize a remarkable connection of the large N limit of the twisted
superpotential, which for us is an auxiliary quantity, with the large N limit of the free energy
Fg on $3 of the same .4 > 2 theory.

Recall that the three-sphere free energy Fg of an .#” = 2 theory is a function of trial
R-charges A for the chiral fields [63, 47]. They parameterize the curvature coupling of the
supersymmetric Lagrangian on S°. The S° free energy can be computed using localization
and reduced to a matrix model [55]. The large N limit of the free energy, for N > k,, has
been computed in [114, 73, 119—-121] and scales as N 3/2, For example, the free energy for
ABJIM with k = 1 reads [73]

4N3/?
Fg = 3 \2A1A2A3A4 . (2.98)

We notice a striking similarity with (2.37). This is not a coincidence and generalizes to other
theories. Indeed, remarkably, although the finite N matrix models are quite different, for any
A =2 theory, the large N limit of the twisted superpotential becomes exactly equal to the
large N limit of the free energy on S°. We can indeed compare the rules for constructing the
twisted superpotential with the rules for constructing the large N limit of Fgs, which have
been derived in [73]. By comparing the rules in section 2.2.2 with the rules given in section
2.2 of [73], we observe that they are indeed the same up to a normalization. For reader’s
convenience the map is explicitly given in Table. 2.1. The conditions for cancellation of
long-range forces (and therefore the allowed models) are also remarkably similar.

It might be surprising that our chemical potentials for global symmetries are mapped to
R-charges in the free energy. However, remember that our A; are angular variables. The

invariance of the superpotential under the global symmetries implies that

yi=1, (2.99)

Iematter fields
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twisted superpotential S3 free energy
kq —ka

z 5

Va (t ) Vaz(t)

p(1) 4p ()

A[ 7'L'A]

A —TA,

W 47riFs3
W‘BAES 7Fs3 | oneshern

Table 2.1 The large N twisted superpotential versus the S3 free energy of [73].

in each term of the superpotential, which is equivalent to

A =2nl teZ, (2.100)

I€matter fields

where now Aj are the index chemical potentials. Under the assumption 0 < A; < 27, few
values of ¢ are actually allowed. In the ABJM model reviewed above, only / =1 and ¢ =3
give sensible results, with £ = 3 related to £ = 1 by a discrete symmetry of the model. We
found a similar result in all the examples we have checked, and we do believe indeed that a
solution to the BAEs only exists when

Y aAr=2rm, (2.101)

I€matter fields

for each term of the superpotential, up to solutions related by discrete symmetries. A;/7 then
behaves at all effects like a trial R-symmetry of the theory and we can compare the index
chemical potentials in %" with the R-charges in Fg.

2.5 An index theorem for the twisted matrix model

Under mild assumptions, the index at large N can be actually extracted from the twisted

superpotential with a simple formula.
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Theorem 1. The index of any N > 2 quiver gauge theory which respects the constraints
(2.14) and (2.19), and satisfies in addition (2.101), can be written as

2 A\ 0¥ (A))
Relogz_—EW(AI) —ZI: [(m—;) A, ] : (2.102)

—~

where W (Ap) is the extremal value of the functional (2.29)

— — 2
W (A1) = =i (p(t),va(t), Ar) | gups = §uN3/2, (2.103)

and W is the Lagrange multiplier appearing in (2.29).!1

Proof. We first replace the explicit factors of 7, appearing in Eqgs. (2.22)-(2.28), with a

—~

formal variable 7. Note that the “on-shell” twisted superpotential # (A;) is a homogeneous
function of A; and 7 and therefore it satisfies

— — oW (Anm) 1|~ oW (A))
— 2 [ — J—
W AALAT) =22 (A, T) = P 2774 ZI A=54

(2.104)
Now, we consider a pair of bi-fundamental fields which contribute to the twisted superpoten-

tial according to (2.22). The derivative of # (A;, ) with respect to A(pqy and A, p) 1s given
by

‘977@1775) N 13/2 2
L(baz)',(ab)nla—Al =iNY /dfp(t) (05,08 (8V(1) +Apa) +0apg (8v() —App)]

oW dp oW A(8v)
toLow Goaa TN Moty aa
I=(b,a),(a,b) \ , I=(b,a),(a,b) ,
vanishing on-shell tails contribution

(2.105)

The expression in the first line is precisely part of the contribution of a pair of bi-fundamentals
(2.40) to the index. In the tails, using (2.30), we find

oY) _
aA(b7a)

G N o
Y VS TF. ) B U LN-TE

= iY(a,b)p . (2.106)

"'The second identity in (2.103) is a consequence of a virial theorem for matrix models (see appendix B of
[121]).
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Therefore, the last term in Eq. (2.105) can be simplified to

iN*n, o /5 L P() Y a) +iN* 1y ) /5 o P()Y(ap) - (2.107)
~ (b,a) VRA(a,b)
This precisely gives the tail contribution (2.44) to the index. Next, we take the derivative of

the twisted superpotential with respect to 7. It can be written as

N _
. = iN? / drp (1) [¢y (8v(1) +Apa)) +8" (8v(1) = Ay))]

2
N2 / dip(t)? [%—f (A(b,a)+A(a7b))] . (2.108)

3
The expression in the first line completes the contribution of a pair of bi-fundamentals (2.40)
to the index. The expression in the second line, after summing over all the bi-fundamental
pairs, can be written as

)}

pairs

oY 2 - T 2
T4 Iy m—an=" 2.10

which is precisely the contribution of the gauge fields (2.38) to the index. Here, we used the
condition
|G|+ Y (A —m) =0. (2.110)
I

This condition follows from the fact that, assuming (2.101) for each superpotential term,
A;/ 7 behaves as a trial R-symmetry, so that (2.19) yields

A
2+I§’l(n 1) 0, (2.111)
which, summed over all the nodes, since each bi-fundamental field belongs precisely to two
nodes, gives (2.110). Condition (2.110) is indeed equivalent to TrR = 0, where the trace is
taken over the bi-fundamental fermions and gauginos in the quiver and R is an R-symmetry.
Combining everything as in the right hand side of Eq. (2.102) we obtain the contribution of
gauge and bi-fundamental fields to the index. The proof for all the other matter fields and the
topological symmetry is straightforward. [

If we ignore the linear relation among the chemical potentials, we can always use a set of
Ay such that #(A;) is a homogeneous function of degree two of the A; alone.!? In this case,

12This is what happens in (2.37) for ABJM. Recall that ¥; A; = 27 so that the four A; are not linearly
independent.
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the index theorem simplifies to

oW (Ar)
RelogZ = — _, 2.112
elog ;m A, ( )

2.6 Theories with N°/3 scaling of the index

Chern-Simons quivers of the form (2.6) have a rich parameter space. If condition (2.7) is
satisfied and N > k,, they have an M-theory weakly coupled dual. In the t’"Hooft limit,
N,k, > 1 with N /k, = A, fixed and large, they have a type IIA weakly coupled dual. When

instead
|G|

Y ka#0, (2.113)
a=1

they probe massive type IIA [122]. There is an interesting limit, given (2.113), where again
N > k,. The limit is no more an M-theory phase [123], but rather an extreme phase of
massive type IIA. Supergravity duals of this type of phases have been found in [124, 125,
123, 126, 84, 86, 127, 128]. The free energy scales as N5/3 [123]. We now show that also
the topologically twisted index scales in the same way. As it happens for the S> matrix model
[73, 86], we find a consistent large N limit whenever the constraints (2.15) and (2.20) are
satisfied.
The ansatz for the eigenvalues distribution is now, as in [73, 86],

ul® (1) = N (it +v(1)), (2.114)

for some 0 < o < 1. The scaling is again dictated by the competition between the Chern-

Simons terms, now with (2.113), and the gauge and bi-fundamental contributions.

2.6.1 Long-range forces

Since the eigenvalue distribution is the same for all gauge groups, the long-range forces
(2.10) cancel automatically. We see that, differently from before, we can have a consistent
large N limit also in the case of chiral quivers. We also need to cancel the long-range forces
(2.11). They compensate each other if condition (2.14) is satisfied. Since the eigenvalues are
the same for all groups, it is actually enough to sum over nodes and we obtain the milder

constraint (2.15) on the flavor charges:

TrJ =0, (2.115)
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where the trace is taken over bi-fundamental fermions in the quiver.

We obtain similar conditions by looking at the scaling of the twisted index. As in section
2.2, vector multiplets and chiral bi-fundamental multiplets contribute terms (2.17) and (2.18)
which are of order @(N7/3). They compensate each other if condition (2.19) is satisfied.
Since the eigenvalues are the same for all groups, it is again enough to sum over nodes and

we obtain the constraint (2.20) on the flavor magnetic fluxes:

TrR=|[G|+) (n—1)=0, (2.116)
1

where the trace is taken over bi-fundamental fermions and gauginos in the quiver.
Conditions TrR = TrJ = 0 are certainly satisfied for all quivers with a four-dimensional

parent, even the chiral ones.

2.6.2 Twisted superpotential at large N

Here, we discuss the N°/3 contributions to the twisted superpotential. Given the large
N behavior of the eigenvalues (2.114), the classical contribution to the large N twisted
superpotential is
%NZO‘“ / dep(r) [12 —v(t)* —2itv(t)] . (2.117)
A bi-fundamental field between U(N), and U(N),, with chemical potential A4 ), con-
tributes to the twisted superpotential via (2.72). In order to find the large N behavior we only
need to evaluate (2.60) using the ansatz (2.114). Let us focus on the following integral:

I = / dt'p(¢')e (e (t) () +40,0))
t

Y —kN%(t'—t)
Jarety

Jj=0

(' =)/ KN (v () —v(1))+A gy o
ol [ploett el e

— i (kN(X)—j—l a}g [p(x)eik[N‘x(v(x)—v(t))+A(b7a)]:|
j=0

xX=t ’
Extracting the leading large N contribution of

0} [P (X)eik[Na(v(x)_v(t)HA(b’a)]} ~ (ikN%)’ [V/(x)j p (x)e [V W= +40,0)]

— (N (1) (1) e,

xX=t x=t

(2.119)
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we obtain
eikA[ had . eikA[ p (t)
I = ON"*Y [ ()] = ——N“ : 2.120
k=P jZO[w(ﬂ N T (2.120)
Plugging this expression back into (2.60), we get
N () (@) . 2
Y Lis /(=" 800) | _ y2-a / drLis <e’A(b7”>> P 2.121)
i<j 1 —iv(¢)

Having (2.121) in our disposal the rest of the computation is exactly the same as in section
2.3.1.2. Following the same steps, we find

%Bi—fund =g, (A b )Nz_“/dt Lt)z . (2.122)
(ba) 1—iv/(1)

The contribution of an adjoint field, with chemical potential A, ,), is derived in exactly

the same fashion: ( )2
— ioint - 2a [g4 Pl
+yadjoin —=ig. (A(a,a))N /dtl—ivl(l‘).

To have a nontrivial saddle-point, we need & = 1/3 which ensures that the Chern-Simons

(2.123)

terms and the matter contributions scale with the same power of N.
The contribution of (anti-)fundamental fields to the twisted superpotential is given by

(see section 2.3.1.3),

sptantifund _ (a —1a) ; a) /3 / dr p(¢) sign(t) [it +v(1)]* . (2.124)

Notice that, when the fotal number of fundamental and anti-fundamental fields in the quiver

are equal, this contribution vanishes.

2.6.3 The index at large N

In this section we discuss the N/3 contributions to the logarithm of the partition function.
Using the same methods given in subsections 2.3.2 and 2.6.2, we arrive at the following large
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N expressions for the gauge and matter contributions:

n? p(r)?
1 Zgauge __ 5/3/ T N7
og 3 N dr 1—iv/(r)’
bi-fund / 5/3 _PU)” (1)
log Zpui™ = —(n(p.0) = 1) 84 (A(pa)) N /dt 1—i/(r)’

1 Zadjoint _ — 1 (A N5/3 d Lt)z
08Zpx = —(Naa) —1) &% ( (a,a)) t 1—iv(t)’

(2.125)

The contribution of (anti-)fundamental fields to the index, at large N, is subleading and they
just contribute through the twisted superpotential.
Notice that the relation with the 3 free energy discussed in section 2.4 and the index

theorem of section 2.5 also hold for this class of quiver gauge theories. >

2.7 Discussion and conclusions

In this chapter we have studied the large N behavior of the topologically twisted index for
A =2 gauge theories in three dimensions. We have focused on theories with a conjectured
M-theory or massive type ITA dual and examined the corresponding field theory phases,
where holography predicts a N 3/2 or N3/3 scaling for the path integral, respectively. We
correctly reproduced this scaling for a class of .#” = 2 theories and we also uncovered some
surprising relations with apparently different physical quantities.

The first surprise comes from the identification of the effective twisted superpotential Va
with the §° free energy Fg of the same ./ = 2 gauge theory. Recall that, in our approach,
the BAEs and the twisted superpotential are auxiliary quantities determining the position of
the poles in the matrix model in the large N limit. %Vdepends on the chemical potentials
for the flavor symmetries, satisfying (2.100), while Fg depends on trial R-charges, which
parameterize the curvature couplings of the theory on S3. Both quantities, # and Fys are
determined in terms of a matrix model (auxiliary in the case of V% The two matrix models,
and the corresponding equations of motion are different for finite N but quite remarkably
become indistinguishable in the large N limit. Also the conditions to be imposed on the
quiver for the existence of a N3/2 or N3/3 scaling are the same. Although the structure of
the long-range forces and the mechanism for their cancellation are different, they rule out
quivers with chiral bi-fundamentals in the M-theory phase and impose the same conditions

on flavor symmetries.

13The coefficient 2/3 in front of u in Eq. (2.103) must be replaced by 3/5.
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This identification leads to a relation of the twisted superpotential # (A;) with the volume
functional of Sasaki-Einstein manifolds. The exact R-symmetry of a superconformal .4~ = 2
gauge theory can be found by extremizing Fg(A;) with respect to the trial R-charges A;
[73] but Fg(Ar) makes sense for arbitrary A;. The functional Fg3 (A7) has a well-defined
geometrical meaning for theories with an AdS4 X Y7 dual, where Y7 is a Sasaki-Einstein
manifold. The value of Fg; upon extremization is related to the (square root of the) volume
of ¥7. More generally, at least for a class of quivers corresponding to .4~ = 3 and toric cones
C(Y7), the value of Fg3(A;), as a function of the trial R-symmetry parameterized by Ay, has
been matched with the (square root of the) volume of a family of Sasakian deformation of
Y7, as a function of the Reeb vector. For toric theories, the volume can be parameterized in
terms of a set of charges Ay, that encode how the R-symmetry varies with the Reeb vector,
and it has been conjectured in [129, 130, 81] to be a homogeneous quartic function of the Ay,
in agreement with the homogeneity properties of # and Fg.

A second intriguing relation comes from the index theorem (2.102). The original reason
for studying the large N limit of the topologically twisted index comes from the counting of
AdS, black holes microstates. The entropy of dyonic black holes asymptotic to AdSy x §7
was successfully compared with the large N limit of the index in [10, 11], when extremized
with respect to the chemical potential A;. We expect that a similar relation holds for dyonic
BPS black holes asymptotic to AdS4 x Y7, for a generic Sasaki-Einstein manifold. Given the
very small number of black holes known, this statement is difficult to check.

The main motivation of our analysis comes certainly from the attempt to extend the result
of [10, 11] to a larger class of black holes. The difficulty of doing so is mainly the exiguous
number of existing black holes solutions with an M-theory lift. Few numerical examples are
known in Sasaki-Einstein compactifications [34], mostly having Betti multiplets as massless
vectors. Some interesting examples involves chiral quivers and are therefore outside the
range of our technical abilities at the moment. It is curious that apparently well-defined chiral
quivers, which passed quite nontrivial checks [131], have an ill-defined large N limit both for
the S free energy and the topologically twisted index in the M-theory phase. It would be
quite interesting to know whether this is just a technical problem and another saddle-point

with N3/2 scaling exists, or the models are really ruled out.



Chapter 3

Necklace quivers, dualities, and
Sasaki-Einstein spaces

3.1 Introduction

The large N limit of the topologically twisted index Zg , g1 for three-dimensional .4~ > 2
Chern-Simons-matter theories has been considered in the previous chapter. Here, we compute
the topological free energy

§=1log|Zg |, (3.1)

for various examples in order to demonstrate the use of our formulae.

We begin by studying quiver gauge theories that can be realized on M2-branes probing
two asymptotically locally Euclidean (ALE) singularities [132]. These include the ADHM
[133] and the Kronheimer-Nakajima [134] quivers, as well as some of the necklace quiver
theories considered in [135]. We show that the topological free energy of such theories
can be written as that of the ABJM theory times a numerical factor, depending on the
orders of the ALE singularities and the Chern-Simons level of ABJM. In particular, we
match the topological free energy between theories being related to each other by dualities,
including mirror symmetry [136] and SL(2,7Z) duality [137-139]. We then move to discuss
theories which are holographically dual to the M-theory backgrounds AdS4 x Y7, where Y7 is
a homogeneous Sasaki-Einstein manifold. In particular, we calculate the topological free
energy for N%1:0 [111, 140, 141] with .#" = 3 and suspended pinch point (SPP) singularity
[105], V22 [118, 112], and Q11 [113, 142] with 4" = 2 supersymmetry.
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3.2 Quivers with 4" = 4 supersymmetry

In this section, we consider two quiver gauge theories with .4~ = 4 supersymmetry. As
pointed out in [132], each of these theories can be realized in the worldvolume of M2-branes
probing C2 /Ly, ¥ C2 /Zy,, for some positive integers n; and n,. We show below that the
topological free energy of such theories can be written as \/anz/k times that of the ABJIM
theory with Chern-Simons levels (+k, —k). We also match the index of a pair of theories

which are mirror dual [136] to each other. This serves as a check of the validity of our results.

3.2.1 The ADHM quiver

We consider U(N) gauge theory with one adjoint and r fundamental hypermultiplets, whose

(v) (3.2)

where the circular node denotes the U(N) gauge group; the square node denotes the SU(r)

A =4 quiver is given by

flavor symmetry; the loop around the circular node denotes the adjoint hypermultiplet; and
the line between N and r denotes the fundamental hypermultiplet. The vacuum equations
of the Higgs branch of the theory were used in the construction of the instanton solutions
by Atiyah, Drinfeld, Hitchin and Manin [133]. This quiver gauge theory hence acquires the
name “ADHM quiver”.

In .4~ = 2 notation, this theory contains three adjoint chiral fields: ¢1, ¢, ¢3, where ¢ »
come from the .4 = 4 adjoint hypermultiplet and ¢3 comes from the .#” = 4 vector multiplet,
and fundamental chiral fields Q' , éla witha=1,...,Nandi=1,...,r. The superpotential is

W = 0l (93)%,07 + (¢3)%[91, 21", . (3.3)

The .4 =2 quiver diagram is depicted below.

0123 0. (3.4)

0

The Higgs branch of this gauge theory describes the moduli space of N SU(r) instantons
on C? [133] and the Coulomb branch is isomorphic to the space Sym” (C?/Z,) [143]. This
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theory can be realized on the worldvolume of N M2-branes probing C? x C?/Z, singularity
[132].

3.2.1.1 A solution to the system of BAEs

Let us denote, respectively, by A, A, Ay, , 5 the chemical potentials associated to the flavor
symmetries of Q, é, ¢123, and by n, ﬁ, ng, ,5 the corresponding fluxes associated with
their flavor symmetries. We denote also by A,, the chemical potential associated with the
topological charge of the gauge group U(N).

Given the rules of section 2.2.2, the twisted superpotential # for this model can be

written as
= | Lee@0) ) farp@rP =L [a-m+@E-m)] [arklp)
iN3/ = 2
= (3.5)
+Am/dttp(t) —u (/dtp(t) - 1) :
Taking the variational derivative of # with respect to p(¢), we obtain the BAE
3 , _
0=2p(r) ) g+(Ay)— §\t| [(A=7)+(A—7)] + At — 1. (3.6)
i=1
We first look for a solution satisfying
Y Ar=2nm, (3.7)

Iew

where the sum is taken over all the fields in each monomial term W in the superpotential. We

call this the marginality condition on the superpotential. This yields
A+A+Ap =21, Ay +Ap,+Ap, =2, (3.8)
while the magnetic fluxes should satisfy
n+fi+ng =2, Ny, +ng, +ny, = 2. (3.9)

For later convenience, let us normalize the chemical potential associated with the topo-
logical charge as follows:

X =2A,. (3.10)
r
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Solving (3.6), we get
22U —rAp |t —rxt

2 H?: 14,
The solution is supported on the interval [r_,z, | with#_ < 0 <4, where 1. can be determined
from p(t+) =0:

p(t)

(3.11)

2
I+ = i—u . (3.12)
(A, = x)r
The normalization [~ drp(¢) = 1 fixes
r
n= \/§A¢1A¢2(A¢3+%)(A¢3—x)- (3.13)

The solution in the other ranges. Let us consider
A+A+Ay =270,  Ag +Ap,+Ap, =27,  where ! € Zxy. (3.14)

For /=0and /=3, we have A = A = Ay, =0o0r A= A= Ay, ,, = 27, respectively.
These are singular solutions. For ¢ = 2, the solution can be mapped to the previous one (i.e.
¢ =1) by a discrete symmetry

A —=2m—Ar, U——U, Ap— —Ay, (3.15)

where the index / labels matter fields in the theory. From now on, we shall consider only the

solution satisfying the marginality condition (3.7).

3.2.1.2 The index at large N

The topological free energy of the ADHM quiver can be derived from section (2.2.3) as
2

3
T
3L

i=1

+§[(n_1)+(ﬁ—1)]/df|t|P(f),

SADHM _
N3/2

(n¢i—1)g’+(A¢i>] /dfP(f)z_%t/d”p(t) (3.16)

where t is the magnetic flux conjugate to the variable y defined in (3.10). Plugging the above
solution back into (3.16), we find that

r
SADHM = \/;SABJM,( ) (3.17)
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where, cf. (2.45),

K1/2N3/2 ng, Ny, np,  ng
SaBIM, = —T\/QAAIAAZA&ABZ (A_/;+A_;+A_31+A_Bz) : (3.18)
The map of the parameters is as follows:
1 1
Ap, :E(A%_X)a AAzzi(A% +X), Ap, = Ay, Ap, = Ay,
1 1
A = E(n% -1, A, = §(n¢3 +1), g, =y, ng, =Ny, -

The factor /r/k in (3.17) is the ratio between the orbifold order of Sym" (C? x C?/Z,)
and that of Sym” (C?/Zy); the former is the geometric branch of the ADHM theory and the
latter is that of the ABJM theory with Chern-Simons levels (+k, —k).

3.2.2 The A,_1 Kronheimer-Nakajima quiver

We consider a necklace quiver with U(N)" gauge group with a bi-fundamental hypermultiplet
between the adjacent gauge groups and with r flavors of fundamental hypermultiplets under

the n-th gauge group. The .4 = 4 quiver is depicted below.

VO
(v) (v)—7]

: (3.19)

[ONO

(n circular nodes)

As proposed by Kronheimer and Nakajima [134], the vacuum equations for the Higgs branch
of this theory describes the hyperKéhler quotient of the moduli space of SU(r) instantons on
C? /7, with SU(r) left unbroken by the monodromy at infinity. We shall henceforth refer to
this quiver as the “Kronheimer-Nakajima quiver”.
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The corresponding .4 = 2 quiver diagram is

o )
() O=sn (3.20)

(n circular nodes)

Let Qn (with o = 1,...,n) be the bi-fundamental field that goes from node & to node
a +1; Qg be the bi-fundamental field that goes from node o + 1 to node ; and ¢ be
the adjoint field under node . Let us also denote by ¢/, and g? the fundamental and anti-
fundamental chiral multiplets under the n-th gauge group (witha=1,...,Nandi=1,...,r).
The superpotential is

W= Y Tr(Qobus1 O ~ QubaQa) +4 (90)'uh (321)

where we identify ¢, 1 = ¢;. From now on, the index o labeling the nodes is taken modulo
n for any necklace quiver with n nodes.

The Higgs branch of this gauge theory describes the moduli space of N SU(r) instantons
on C?/Z, such that the monodromy at infinity preserves SU(r) symmetry [134], and the
Coulomb branch describes the moduli space of N SU(n) instantons on C?/Z, such that the
monodromy at infinity preserves SU(n) symmetry [143, 132, 144, 145]. It can be indeed
realized on the worldvolume of N M2-branes probing C2/7Z, x C?/7Z, singularity [132].
Note also that 3D mirror symmetry exchanges the Kronheimer-Nakajima quiver (3.19) with
r =1 and n = 2 and the ADHM quiver (3.2) with r = 2.

3.2.2.1 A solution to the system of BAEs

Let us denote respectively by Ag,,, A o’ Agy» Ag» Ag the chemical potentials associated to the
flavor symmetries of Qg, éa, @q, q and g, and by ng,, ng > oy Mg, g the corresponding
fluxes associated with their flavor symmetries. We also denote by A,§f‘) the chemical potential
associated with the topological charge for gauge group o and by (@) the associated magnetic

flux.
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Given the rules of section 2.2.2, the twisted superpotential W for this model is given by

—

zN3/2 /dtp ’ i [g+ (8v*(1)+45,) = (5Va(f)—AQa)+g+(A¢a)]

a=1

— 5 [(4—m)+ (47— )] /dtltlp(r)+ (2 A,&,“)) /dttp(t) (3.22)

—u(/dtp(t)—l) . .

a+1

where §v* = vt — 1% and we identify v = §v!. Taking the variational derivatives of

# with respect to p(t) and 6v¥*(t), we obtain the BAEs

—%It! [(Ag—m) + (A5 —m)] + (iAr(na)>’_“’ (3.23)

+gg<avaf1<t>—AQa,o—g+<6v°‘*1<r>+Aéa,l>], a=1...n.

The superpotential imposes the following constraints on the chemical potentials of the

various fields:

Aq+Aq~+A¢n:2ﬂ:7 AQoz—*_Aq)oc-H—i—A~

G, =27, Ag, +Ap+Ag,=2x. (324)

For notational convenience, we define
=Y A; Fy=A An=2Y A% (3.25)
~ Qa ) (Pn ) m r ~ m .

and
F, :27I'—F1 —F;. (3.26)
Solving the system of BAEs (3.23), we find that

2U —rF3 |t| — rApt 1
u s3|| ml S LR —As (3.27)
2[T= Fi "

p(t) =
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The support [¢_, 7] of p(¢) is determined by p(z+) = 0. We get

2
P (3.28)
(F3 :|:Am)l’
The normalization [ drp(¢) = 1 fixes
3r
n= \/EFle(Fé + Am)<F3 - Am) . (3.29)

3.2.2.2 The index at large N

From the rules given in section 2.2.3, the topological free energy of this quiver is given by

n 2 n r
W e (a;‘(“)) [ o)+ % ng~ 1)+ (g 1)] [t o)

~farer ¥ (05, ~ DL (8v%(0)+ 85,)-+ (ng, ~ D¢ (3v%(0) - 3,

(3.30)
Plugging the above solution back into (3.30), we find that the topological free energy depends
only on the parameters Fi, F>, F3 given by (3.25) and their corresponding conjugate charges

2
m=Yng,. m=n, t="3t% (3.31)
o o

SKN = \/ggABJMk : (3.32)

with the following map of the parameters

Explicitly, we obtain

1 1
Ay =5(B=An),  Ay=5(F+4an), A =F, Ap=Fh,

(3.33)
Ng = 5(“3 _t)v N4, = 5(“3"’{)7 g, =1y, g, =n2.

Notice that, this is completely analogous to that of the ADHM quiver presented in (3.19).
The factor \/nr/k in (3.17) is the ratio between the product of the orbifold orders
in Sym"(C?/Z, x C?/7,) and that of Sym"(C?/Z;), where the former is the geometric
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branch of the Kronheimer-Nakajima theory and the latter is that of the ABJM theory with
Chern-Simons levels (+k, —k).

Mirror symmetry. The Kronheimer-Nakajima quiver (3.19) with r = 1 and n = 2 is mirror
dual [136] to the ADHM quiver (3.2) with r = 2. From (3.17) and (3.32), the topological

free energy of the two theories are indeed equal:

SKN = SADHM L (3.34)

r=1,n=2

3.3 Quivers with .4 = 3 supersymmetry

A crucial difference between the theories considered in this section and those with 4" =4
supersymmetry is that the solution to the BAEs of the former are divided into several regions
and the final result of the topological free energy comes from the sum of the contributions
of each region. Such a feature of the solution was already present in the ABJM theory and
was discussed extensively in [10]. In subsection 3.3.1.1, we deal with the necklace quiver
with alternating Chern-Simons levels and present the twisted superpotential, the BAEs and
the procedure to solve them in detail. The solutions for the other models in the following
subsections can be derived in a similar fashion.

In subsections 3.3.1 and 3.3.2, we focus on theories whose geometric branch is a sym-
metric power of a product of two ALE singularities [135, 146]. Similarly to the preceding
section, the topological free energy of such theories can be written as a numerical factor
times the topological free energy of the ABJM theory, where the numerical factor equals to
the square root of the ratio between the product of the orders of such singularities and the
level of the ABJM theory. Moreover, in a certain special case where the quiver is SL(2,7)
dual to a quiver with .4~ = 4 supersymmetry [138, 147, 139, 146], we match the topological
free energy of two theories.

3.3.1 The affine Ay, 1 quiver with alternating CS levels

We are interested in the necklace quiver with n = 2m nodes, each with U(N) gauge group,

and alternating Chern-Simons levels:

+k if o is odd
ko = (3.35)

—k if aiseven
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The .4 =2 quiver diagram is depicted below.

0RO/
-

F
' (3.36)

S0
o

Let Q¢ be the bi-fundamental field that goes from node o to node o + 1; Qo be the bi-
fundamental field that goes from node & + 1 to node o; and ¢, be the adjoint field under

§!

node . The superpotential can be written as

n B _ k m
W= Z’I Tr (Qa¢a+1ro - Qa%cro) + 5 Z’l Tr (¢22a—1 — ¢22a) ) (3.37)

After integrating out the massive adjoint fields, we have the superpotential

I & ~ o~
W= A Z (=) Tr (QaQa+1Qa+1ro> ; (3.38)
a=1
where we identify
Qut1=0n,  Qut1=0n- (3.39)

3.3.1.1 A solution to the system of BAEs

Let us denote respectively by A, Aq the chemical potentials associated to the flavor symme-

tries of O, and éa, and by ng, 7ig the fluxes associated with the flavor symmetries of Qg
and Q.
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From the rules given in section 2.2.2, the twisted superpotential W can be written as

i =k / drip(r) Y. 6v2 1)+ / dp(t7 Y g (6v%(0) + Aa) — g (6v%(1) — A)]

o=l o=1
o ﬁ/dtp(t) Z |:L12 (ei(5v2“1(1)+52a1)) —Liy (ei(ﬁvzal(l)—Azal))
o=1
+L12 (ei(évza(t)+A~2(x)) _Ll2 (ei(sza(Z) AZ(X >:| IJ“ (/dtp _ 1)
(3.40)
where §v%(1) = v®*1(¢) —v%(¢) and hence,
Z = (3.41)

Without loss of generality, we set the chemical potentials associated with topological symme-
tries to zero. The subleading terms in (3.40) can be obtained by considering the node 2 — 1
(with oo = 1,...,m), where the fields with chemical potentials Asg—1, Aog—o are incoming to
that node and those with chemical potentials Ayqy 1, Moo are outgoing of that node. This
explains the signs of such terms in (3.40). These terms can be neglected when we compute
the value of the twisted superpotential, since Li, does not have divergences; however, they
play an important role when we deal with the derivatives of W because Li; (e™) diverges as
u— 0.

Taking the variational derivatives of # with respect to p(¢) and setting it to zero, we
obtain

0=kt Y 8V (1) +2p(t Z g+ (v (1) +Ag) —g—(8v*(1) —Aa)] — 1. (3.42)

a=1

When §v* % —Ay and Sv* % A, for all «, setting the variational derivatives of W with
respect to 6v¥(¢) to zero yields

0= (—1)*"kt+p(r) [gﬁr (v (1) + Ag) — g~ (6v*(t) — Aq)

) (3.43)
+g (5va*1(t) —Ag1) —g;(ﬁvafl(t) +Aa_1)} , o=1,...,n.

However, in the following, we also need to consider the cases in which $v2%~1 (1) ~ — Ay
and that in which §v?%~1(¢) =~ Ay, forall a = 1,...,m.
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« In the former case, taking 5v*% (1) = —Ayq_; +exp(—N1/2Y2a_1) and setting to

zero the variational derivatives of % with respect to 5v2*~1(¢) and 5v*%(¢) yields

0= Faoe 1 (1) +kt +p (1) (0) — g (— Aot — Az 1)
+g’_ (5V2a_2(t) — Azafz) — g/+ (5v2°‘_2(t) +A~2a,2)} ,
0= —Fao 1 (1) — ki +p(1) g (8v°(1) + Aog) — & (8V*(1) — Ane)

+8 (= A1 — A0 1) —g;(O)] :

(3.44)

« In the latter case, taking 8v2% ! (r) = Ayq_1 — exp(—N'/?Y2_1) and setting to zero
the variational derivatives of % with respect to $v>*~!(¢) and §v2%(t) yields
0=—Yrq 1(t)+kt+p(2) [g; (Arg—1+Arg—1) —&"(0)
8L (827 2(1) — Agg2) — 84 (8™ 72(1) + Aag o) |
0=Yaq—1(r) —kt +p(7) [g;(csvz"‘(t) + M) — gL (8v**(t) — Ara)

+5"(0)— ¢ (A2q—1 ‘|‘A~2a71)] :

(3.45)

We also impose the condition that the sum of the chemical potential for each term in the

superpotential (3.38) is 27,
Ag+ Ay +Ag+Agp1 =21, (3.46)

For later convenience, we define the following notations
m m -
F ZmZAza, FZZmZAZa—b Fs=A1+A4;. (3.47)
a=1 a=1

Let us now proceed to solve the BAEs. First, we solve (3.42) and (3.43) and obtain
_ mkt [F1F3 — F,(2n — F3)| + 27
p= mF3(27t—F3) (27[ —F —Fz) (Fl +F2) ’

(F] +F2)F3 [,u —mkl‘(ZTL’ —F —Fl)]
mkt [F1Fs — B,(2n — F)] + 2z’

(Fl —I—Fz) (2775 - F3) [,LL +mkt(F3 —Fz)]
mkt [F1F3 —F2(27r—F3)]+27r,u ’

200—1
ov =Agq-1—

e <t<t.. (3.48)

5V2a - Aza -
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This solution is valid in the interval [t ,z- | where the end-points are determined from
SVt ) = —Aggy, SVl )= Ay Ya=1,...,m. (3.49)

Explicitly, they are

H M
fe=——n ts = :
ST kmF’ 7 km(2n—F — F3) (3.50)
Next, we focus on the regions [f,z.] and [t~ ,#.], where $v2¥ 1 (1) = — Ay fort € [t 1]
and §v2* (1) = Ayy fort € [t=, 1]
For the interval [t«,7], we solve (3.42) and (3.44) and obtain
. [l—l—m(F3—F3)kl‘
mkF; (Fl + F — F3) (277: —F — Fz) ’
SR — Ay, SV =F—F —Fr+ Ay, fe <t <lc, (3.51)
=~ W+ mktFy
Yog—1=— ;
m(Fs—F —F)
where we determine the end-point 7. by the condition p(t«) = 0:
u
fg = —————.
<= " imlE ) (3.52)
For the interval [t~ ,zs.], we solve (3.42) and (3.45) and obtain
n— mktF>
p= )
mFB(Fi+F—F)2n—F — F)
VO = Asy1, V%= —F —Fr+ Ay, s <t <ts, (3.53)
u —mkt(27l’ —F —F3)
Y21 = ’
m(271' —F—F— F3)
where we determine the end-point . by the condition p(t.) = 0:
(3.54)

s = ——.
> ksz

To summarize, the above solution is divided into three regions, namely the left tail
[t<,t-], the inner interval [t-,t-] and the right tail [t-,ts]. These are depicted in the

following diagram:
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] ]
T T

I< I>

p=0 Sl — —ANQQ,IVOC Sl — Apg—1Vor p=0

Aﬁk
~
V;¥

t

Finally, the normalization f,>> drp(t) =1 fixes

[.LZM\/QkF]FQ(F3—F2) (271'—F3—F1). (355)

3.3.1.2 The index at large N

Give the rules in section 2.2.3, the topological free energy of this theory is given by

S nw? & o
N2 :—/dtp g az:‘,l o — 1), (8v* + Ag) + (ng — 1)g (5v* — Ag)]
m
— 0 dtp(t)Y Ny / drp(t)Yaq_1(1).
oczl a/6V2a1%A~2a 1 p (1) Y1 ( Z 51201y p(t)Yoq—1(t)

(3.56)

The result depends only on the parameters Fi, F;, F3 and their corresponding flavor magnetic
fluxes . .

ny :m2n2a7 np=m ana_l’ n3:n1+ﬁl; (357)
= a=1

and can be written as
§ = mSaBim, - (3.58)

The map of the parameters is as follows:

Ap, = Fy, Ap, = F2, Ap, =F—F, Ap, =2 —F — F3,

(3.59)
ny, =ny, ny, =Ny, ng, =n3—mny, ng,=2-—n;—n3.

Recall that the geometric branch of the moduli space of this theory is Sym”™ (C?/Z,, x
C?/Zum)/ 7y, whereas that of the ABIM theory is Sym" (C*/Z;). The square root of the
relative orbifold orders of these two spaces explains the prefactor m in (3.58).
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3.3.2 The affine A,_; quiver with two adjacent CS levels of opposite
signs

We are interested in the necklace quiver with n nodes, each with U(N) gauge group, and the
Chern-Simons levels:
+k ifa=1

ko= -k ifa=2 (3.60)

0 otherwise

The .4 = 2 quiver diagram of this theory is

e
@ o

(3.61)
In the notation of the preceding subsection, the superpotential can be written as
- A A k 2 42
W=} Tr(Qufa+10u—OadaQu) + 5 Tr (97 —93) - (3.62)
a=1
After integrating out the massive adjoint fields ¢, and ¢,, we have the superpotential
1 ~ ~ ~ ~ 1 5 12 % \2
W= —Tr(010:0:01 — 01010:0,) + 5 Tr | (2202)" — (2:0,)’]
(3.63)

n—1
+ Z Tr (QO‘%HIQOC - Qa+1¢a+1Qa+l) )
a=2

3.3.2.1 A solution to the system of BAEs

Let us denote respectively by Aq, Ag, Ay, the chemical potentials associated to the flavor

symmetries of Qg, éa, 0o, and by ng, g, ng, the corresponding fluxes associated with

@

their flavor symmetries. We also denote by A"’ the chemical potential associated with the

topological charge corresponding to node ¢ and (@) the corresponding magnetic flux.
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The superpotential (3.63) implies the following constraints

Ag=m—Ay Va=1,...,n,
* * (3.64)
A¢ :-~:A¢n:77:-

3

The twisted superpotential for this particular model can be derived from the rules in
section 2.2.2. The procedure of solving the BAEs is similar to that presented in section
3.3.1.1. The solution can be separated into three regions, namely the left tail [t 7], the

inner interval [f,¢- ] and the right tail [¢~ s ], where
st Svi(to)=—A4;,  tost &) =A4;. (3.65)

The end-points 7« and ¢, are the values where p = 0 on the left and the right tails, respectively.
Schematically:

] ]
T T

t<}< f< t~ t
p=0 Svl = — 4, Svl = A p=0

vg¥

It turns out that the solution depends on the following parameters:

1 L I & (@
1[(2%)—;24&)]. (3.66)
oa=2 a=1

The solution is as follows. In the left tail [t«,7-], we have

=A+- ZA B =

(n—=1) [+ (7 — Fi)ki]

P i —F—(n-DB|[A—F (-]’
5\/1 = —A~1,
(3.67)
5va:Aa+[7r—F1—(n—1)F2], VZS(XSI’Z,

s (n—1)Ekt+pu
TR —(-1DFR’
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In the inner interval [t,z~], we have

_ [(n—1)(Fi — )]kt —nu
a n[Fi+(n—1)R][F+(n—1)F—nx]’

unE — (n=1)|Filu+ (x+ E)kt] = Blu—{(n— 1)m - EYke] | + (n— 1) [F} + (n — 1) F7 ke

vl =
’ (n—1)(F1 — F2)kt —nu ’
F —1)F —F)k
oo = L= DBlu+ =Rkl | oy
[(n—1)Fi = (n—1)F2] kt —npt
(3.68)
where & = %Za A,(na). In the right tail [£~,#s.] we have
p— (n—1) (Fikt — )
T [Fl + (n — 1)F2] [Fl + (l’l — 1)F2 — (}’l — 1)717] ’
Svl = Ay,
1 (3.69)
ov? :Aa—f—nj[ﬂ?—Fl —(n—1)F],
B )
YT RAG-DFR-(n-Dr
The transition points are at
H H H H
ST Tkm-r) T P Tke-n@-m) P TR G790
Finally, the normalization f,if drp(t) =1 fixes
w=1/2(n—DkFiF(n—F)(r—F). (3.71)

3.3.2.2 The index at large N

The topological free energy of this theory can be derived from the rules give in section (2.2.3).
We find that the topological free energy of this quiver theory depends only on the parameters
Fy, F, given by (3.66) and their corresponding conjugate magnetic charges

o=2

1 & 1 ! 1 &
n=n+ z Z ta, ny = Z g | — Z ta . (372)
a=1 n—1 ka:l
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The topological free energy can be written as,

§=vn—15aBM- (3.73)
The map of the parameters is as follows,

Ap, = Fp, Ay, =B, Ap, =m—F, Ap, =T —F,,

1

(3.74)
ny, =ny, ny, =Ny, ng, =1-mny, ng, =1-—mn;.

Indeed, for n = 2, this theory becomes the ABJM theory and (3.73) reduces to §apjm, as
expected. Recall that the geometric branch of the moduli space of this theory is Sym® (C? x
C?/Z,_1)/Z, whereas that of the ABIM theory is Sym" (C*/Zy;). The square root of the
relative orbifold orders of these two spaces explains the prefactor v/n — I in (3.73).

Let us also comment on the number of the parameters which appears in the topological
free energy of this model. It can be seen from (3.73) that the topological free energy depends
only on two parameters, F1 and F; (or n; and n,), instead of three, despite the fact that the
geometric branch is associated with Calabi-Yau four-fold C? x C? /Zp—1. Indeed, in the
A = 3 description of the quiver, only U(l)2 (one mesonic and one topological symmetry)
is manifest (see appendix C of [146]). An extra mesonic symmetry that exchanges the
holomorphic variables on C? and those on C?/Z, is not present in the quiver description of

this theory.

SL(2,Z) duality. The affine A,,_ quiver (3.61) with n gauge nodes and k = 1 is SL(2,Z)
dual to the A,,_, Kronheimer-Nakajima quiver (3.19) with n — 1 gauge nodes and r = 1.
This duality can be seen from the type IIB brane configuration as follows [148, 137-139].
The configuration of the Kronheimer-Nakajima quiver involves N D3-branes wrapping
R(l)f,z X Sé (where the subscripts indicate the direction in R!); n — 1 NS5-branes wrapping
]R(l):iz X R%&g located at different positions along the circular x® direction; and r = 1 D5-
branes wrapping R(l)ﬁ.z X R; 45 located along the circular x® direction within one of the
NS5-brane intervals./ Applying an SL(2,7Z) action on such a configuration, we can obtain a
similar configuration except that the D5-brane becomes a (1, 1) 5-brane. This is in fact the
configuration for quiver (3.61) with n gauge nodes and k = 1. Indeed, in this case we can
match the topological free energies (3.73) and (3.32), as expected from the duality.
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3.3.3 The N%!0/7Z, theory

In this section we focus on the holographic dual of M-theory on AdS4 x N%1:0 /7, [149-151].
NY19 is a homogeneous Sasakian of dimension seven and defined as the coset SU(3)/U(1).
The manifold has the isometry SU(3) x SU(2). The latter SU(2) is identified with the R-
symmetry. The description of the dual field theory was discussed in [111, 140, 141]. This
theory has .4/ = 3 supersymmetry and contains ¢ = U(N)_; x U(N)_; gauge group with
two bi-fundamental hypermultiplets and r flavors of fundamental hypermultiplets under one

of the gauge groups. The .4 = 3 quiver is depicted as follows:

T
OWB

Note that for k = 0, this theory becomes the Kronheimer-Nakajima quiver (3.19) with n = 2.
In .4#” = 2 notation, the quiver diagram for this theory is

(3.76)

where the bi-fundamental chiral fields (A, B;) come from one of the .4 = 3 hypermultiplet
indicated in blue, and the bi-fundamental chiral fields (A;,B;) come from the other .4 =3
hypermultiplet indicated in red. The superpotential is given by

k k B
W=Tr <A1¢2Bz —By§1A1 —A2:B1 +B191Az + 5‘1512 - §¢22 +f]¢16]) : (3.77)

Note that the bi-fundamental fields A{,A,, By, B, can be mapped to those in the Kronheimer-
Nakajima quiver (3.20) with n = 2 as follows

Al Q1, Ao Or, B &0, By 0. (3.78)
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Integrating out the massive adjoint fields ¢; > in (3.77), we obtain the superpotential
W=Tr|(e"BiA; — )" — (e74:B))°| . (3.79)

3.3.3.1 A solution to the system of BAEs

The twisted superpotential for this model can be derived from the rules in section 2.2.2. The
procedure of solving the BAEs is similar to that presented in sections 3.2.2.1 and 3.3.1.1. In
the following we present an explicit solution to the corresponding BAEs.

For brevity, let us write

A=Ay, , Ay = Ay, , Az = Ap, , Ay = Ap, , (3.80)
np=ny,, Ny =1y, , n3 =ng,, ny =ng,.
We look for a solution to the BAEs such that
Ay +A; =T, Al+As=T, A+A3=T, (3.81)
and
n,+n;=1, n+ng=1, nm+ny=1. (3.82)

The solution can be separated into three regions, namely the left tail [t«,?-], the inner

interval [t,t-] and the right tail [t~ ,#s.|, where
t- s.t. 6V(t<) = —A3, t~ s.t. 6V(t>) = A] . (383)

Then we define 7 and ¢ as the values where p = 0 and those bound the left and right tails.

Schematically:

| |
T T

I t~ t
p=0 5VZ_A3 ov=A p=0
;=0 Y1=0

~
Aﬁk
vg;

The solution is as follows. In the left tail we have

. ,Ll+kl‘A3—%l’|t‘
p= 7'C(A1 —|—A3)(A4 —A3) ’

- e <t<tc. (3.84)
—ktAy — U+ 5rlt
Sv=—-A Y; = 2
v 3, 3 A4—A3 5
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In the inner interval we have

B 2u+kt(A3— Ay) — mrlt|
7'L'(A1 —|—A3)(A2 —|—A4) ’

te<t<ts, (3.85)
S0 (1 —Zrlt]) (A1 — A3) + ki (A1 A + M A3)
B 20+ kt(Az — Ay) — 7rt] ’
and 8v' > 0. In the right tail we have
p= ,LL—ktAl—%r’t‘
717(A1 +A3)(A2 —Al) ’
- ts <t <ts. (3.86)
ktAy —pu+5rit
Sv=A Y1 = 2
v 1, 1 AZ _Al )
The transition points are at
te = 21 te = 2 ts = 2 ts = 2
S r+2kAsT ST nr+2kAs] Z T T 42kAy’ Z T r+2kA,
(3.87)

Finally, the normalization fixes

(3.88)

01020304(A1 + A3)(Ar + Ag)
\/_ 51 +53 52+54) (5154+5263) ’

where 6, = nr+2kA,, Va = 1,2,3,4. For k = 0, this expression indeed reduces to (3.29)
with
Fi=2nc, F,=—c(Ay+ As), F3 =21 —c(A;+A43),

(3.89)
A = 27T+C(A1 —I—A3) ,

and ¢ = 1/(2 x 121/3). Note that F; + F, + F3 = 27, as required.

3.3.3.2 The index at large N

The topological free energy of this theory can be computed from the rules in section 2.2.3.
The expression for the topological free energy is fairly long, so we will just give the formule
fork=1,r=1and

A3:A4:A, n=ny=n. (3.90)
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In this case, the topological free energy reads

N3 w(w—2A) [4(m— A)A+197° | n+ (8A4* —20mA® — 67°A? + 3773 A +337%)
3 [4(m—A)A + 11722 '
(3.91)

3.4 Quivers with .4 = 2 supersymmetry

Let us now consider quiver gauge theories with .4 = 2 supersymmetry. We first discuss the
SPP model. Then we move to study non-toric theories associated with the Sasaki-Einstein
seven manifold V>2. There are two known models in this cases, one proposed by [118] and
the other by [112]. We show that the topological free energy of these models can be matched
with each other. We then move on to discuss flavored toric theories [113]. The procedure in
solving the BAEs for these theories is similar to that for .4~ = 3 theories discussed in the

preceding section.

3.4.1 The SPP theory

We now consider the quiver gauge theory which describes the dynamics of N M2-branes at

the SPP singularity. The quiver diagram is shown below.

8)) Aj (3.92)

The Chern-Simons levels are (ky,k2,k3) = (2k, —k,—k) and the superpotential coupling is
given by
W ="Tr [X (A]Az — C1C2) —A>A1B 1B +C2C1B231] . (3.93)

The marginality condition on the superpotential (3.7) impose constraints on the chemical
potential of the various fields

A+Ap=T, Ap+Ac =T, 24+ Ax =27, (3.94)
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where we have used the symmetry of the quiver to set A4, = Ay, = Au, and so on. Hence,
Ap=A, Ax =2A, Ay =Ac=T—A, (3.95)
and
ng=n, ny =2n, m=nc=1-—n, (3.96)

where n; denotes the flavor magnetic flux of the field /. We assume 0 < A <27 and we

enforced condition (2.101). One can check that all other solutions are related to the one we

are presenting by a discrete symmetry of the quiver.!

3.4.1.1 A solution to the system of BAEs

The theory under consideration is invariant under
A C, UN)? s UN)©®). (3.99)

Let us assume that the saddle-point solution is also invariant under this Z, symmetry. Thus,
we can choose
e g — (3.100)

1

Given the rules of section 2.2.2, the twisted superpotential reads

,-Nﬂa/z = Zk/dttp(t) Sv(r) —i—/dtp(t)zA [(m—A)(2m—A) —25+7] o
—u (/dtp(t) — l) — %/dtp(t) [:l:Liz (ei[Sv(l)i(ﬂ—A)])] ’
where we defined
Sv(t) =w(t) —v(t), (3.102)

and we included the subleading terms giving rise to the equation of motion (2.30). The

eigenvalue density distribution p(7), which maximizes the twisted superpotential, is a piece-

IThere is a solution for
Ap+Ap =37, Ag+Ac =37, 24 + Ay = 7. (3.97)

which is obtained, using the invariance of Z under y; — 1/y;, from (3.104)-(3.108) by performing the substitu-
tions
U— —M, k— —k, A—>T—A, Yt —y*. (3.98)
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wise function supported on [f«,#s.]. We define the inner interval as
I S.t. 6V(l<) = — (E—A) N I~ s.t. 6V(l>) =nt—A. (3103)

Schematically, we have:

I ] ]
i

N
~
A

~
Vv

~
v4¥

l<
p=0 ov=—(n—A) dSv=m—A p=0
Y- =0 Yt =0
The transition points are at
B N S S
ST 2k(m—A)’ ST k(2m—A)’ T k(2n—A)’ T 2k(m—A)
(3.104)
In the left tail we have
Lt on Sv=—(1—A)
N (N o v— — (m—
p 2A2 —A Y b
te <t <to. (3.105)
- U+k(Q2r—A)t
— X ,
In the inner interval we have
u k(m—A)2m—A)t
= ov= te<t<t
P dm—A)en—2)a’ Y u ! <SPSt
(3.106)
and 6V > 0. In the right tail we have
1 H
=— | ———2kt ov=m—A
P 2A2(7t—A ) rErTA
ts <t <ts. (3.107)
v — U—k(Qr—A)t
A b
Finally, the normalization fixes
w=2k"?(r—A)2rn—-A) 4 (3.108)
4w —3A

u > 0 implies the following inequality

O<A<m. (3.109)
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For k > 1 there can be discrete Z; identifications among the chemical potential which can

affect the final result. We have not been too careful about them here.

3.4.1.2 The index at large N
The rules of the large N twisted index imply that the free energy functional is
g = —N3/2/dtp(t)2 [A(47 —34) +n (347 — 674 + 27> —26V7)

—N3/22(1—n)/ dtp(t)Y_(t)—N3/22(1—n)/6 7).

ovr—(n—A) T—A)

(3.110)

We should take the solution to the BAESs, plug it back into the functional (3.110) and compute

the integral. Doing so, we obtain the following expression for the topological free energy:

3 (4m —3A)3/2\/A

4K12N32[A (TA% — 18wA + 12787) +n (—6A3 + 197A% — 1872A + 473) |

(3.111)

3.4.2 The V>?2/7, theory

In this subsection, we focus on field theories dual to AdSy x V2 /Zy, where V32 is a
homogeneous Sasaki-Einstein seven-manifold known as a Stiefel manifold. The latter can
be described as the coset V2 = SO(5) /SO(3), whose supergravity solution [149] possesses
an SO(5) x U(1)g isometry. There are two known descriptions of such field theories; one
proposed by Martelli and Sparks [118] and the other proposed by Jafferis [112]. In the
following, we refer to these theories as Model I and Model II, respectively. Below we analyse
the solutions to the BAEs in detail and show the equality between the topological free energy

of two theories.

3.4.2.1 Modell

The description for Model I was first presented in [118]. The quiver diagram is depicted
below.

(3.112)
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with the superpotential
W =Tr [07 + 95 +91(A1B2 +A2B1) + $2(B2A1 + BiA2)] (3.113)

A solution to the BAEs. Let us use the shorthand notation as in (3.80). We look for a
solution to BAEs, such that

T
Agp, +A1 +Ay =27, Ap, +A2+ A3 =27, A¢.=?, (3.114)
and
2
ng, +ny+ng =2, ng, +ny+n3 =2, n¢i:§. (3.115)

Observe that ngy, does not satisfy the quantization conditions ny, € Z. However, this
problem can be cured easily by considering the twisted partition function on a Riemann

surface Xy of genus g times § 1'[61]. In this case, the flux constraints become

2
ng+m+mn=2(1—g), ng+n+n3=2(1—g), n¢i:§(1—g). (3.116)

By choosing (1 — g) to be an integer multiple of 3, there always exists an integer solution
to the above constraints. As was pointed out in [61], the BAEs for the partition function on
XLyxS§ I (with g > 1) is the same as that for g = 0. We can therefore solve the BAEs in the
usual way.

The inner interval [t—,7~] is given by

r- s.t. 8V(t<) = —A?,, t> s.t. 6V(t>) = Al . (3117)

Outside the inner interval, we find that ov(t) = ¥(z) — v(t) is frozen to the constant boundary
value —Aj3 (A1) and it defines the left (right) tail. Schematically:
le te t> I
p=0 dv=-A;3 Sv=4 p=0
Y3=0 Y1=0

\4

The solution is as follows. The transition points are at

i i o i

l‘<<:—m; l<——ma t>_k(%ﬂ——A3)’ l>:m-
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In the left tail we have

p— U+ kAst
F (A At ) (A )
le <t <Ic. (3.119)
—ktA4—[.L
Sv=—A R
4 3, 3 Ay —As

In the inner interval we have
 2utk(A+ A — )t
T[]
(As+As—F)u—Zhk (M3 +Ag)t + (AT + AD) ¢
2u+k(As+Ay—*E)t

o <t<ts (3.120)

ov=—

Y

and 6V > 0. In the right tail we have

p— ‘Ll—kAlt
2?717(A3,—A4—|—4Tﬂ:) (A4—A3),
\ o <t<ts.  (3.121)
—kt (A3 — 47 —
5V:A1, le ( 3 3) K

Ay — As ’

Finally, the normalization fixes

U= \/k (4?” —A3) Az (4; —A4) Ay, (3.122)

4
O<AM<&§. (3.123)

with

The solution satisfies

/ dr p (1) 8v(t) = 0. (3.124)

We should take the solution to the BAEs and plug it back into the index. The higher genus

index in the large N limit receives a simple modification, as discussed in [61], as follows,

Saz1(n) = (1 —g)g=0(ns/(1 —9)). (3.125)
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We thus obtain the following expression for the topological free energy
2 k'/2N3/2 A 2 ny
597&1:—5(1—9) - - (?—A3> A3 (?_A4)T
V(5 =89 5 (5 - a0) ’

27 4r n3 273 8
A ——A ——A —— A3+ Ay — —
(5w (F )52 (wa T
(3.126)

We check that the topological free energy indeed satisfies the index theorem for this model

on Xy x St

. 2 ~ ny Af 877(A1)
Sg;a—(l—g){—%%/(m)—; [(1_9—;) A, ” (3.127)
with )
W(A;) = §uN3/2. (3.128)

3.4.2.2 Model II

The description for Model II was first presented in [112]. The quiver diagram is depicted

9123 ‘ﬂ. (3.129)

We start from the superpotential

below.

k
WzTr{«ps[wl,wzHqu(rp%+<p§+<p§)qf}- (3.130)
j=1

The SO(5) symmetry of V> can be made manifest by using the following variables [146]:

1 1
X :E((leri(PZ)’ Xzzﬁ((pl—i(pz), X3 =1iQs. (3.131)

Explicitly, the generators of the chiral ring in the vector representation of SO(5) are X; » 3 and V.., where
V. are the monopole operators of magnetic charge £1.
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In terms of these new variables, the superpotential can be rewritten as

k
W ="Tr {X3[X1,X2] + Z qj(X1X2 + X0 X —X32)q~J} . (3.132)
=1

A solution to the system of BAEs. The superpotential enforces

Am . 2r 2m
Ax, +Ax, = 3 Agi+A4Aq; = 3 Ax, = — (3.133)
and
As in the previous subsection, the quantization conditions n; € Z can be satisfied by

considering the twisted partition function on Xy x § I, The flux constraints are modified to be

4 . 2 2
nx1+nX2:§(1—g), nqj+nqj:§(1—g), nX3:§(1—g). (3.135)

Here we choose (1 — g) to be an integer multiple of 3. The solution to the BAEs are given
below.
Setting to zero the variations with respect to p(¢), we find that the density is given by

_ IJ‘_%V'—{_IAWL

p(t) = (5 a) A (3.136)
The support [¢_, 7] of p(¢) is determined by p(z+) = 0. We obtain
b = ﬁ- (3.137)
3 m
Requiring that [+ dt p(t) = 1, we have
i 5 (F o) a [(?)2—4,21 | (3.138)
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The topological free energy may then be found using (3.125). We obtain

2 N3/2
Sgr1=3(1-9) X

3 2
U - ) 4 [(22)7 - 43
¢ Am 2mk\? [ Ax, 24, (3.139)
—m“m<?“"f1)+(7) (7‘2>+T

() e[ 5)-4]}

It can also be checked that this topological free energy satisfies (3.127).

Matching with Model I. By taking
2 2
Ax, = Az, Am:k(?n—m) , ny, =n3, t:k[g(l—g)—m] , (3.140)

we see that Eq. (3.139) reduces to Eq. (3.126).

3.4.3 The flavored ABJM theory

Let us consider the flavored ABJM models studied in [113, 142]

(3.141)
with the superpotential
W=Tr (A131A232 —AleAzBl) +
Nl ng2 np2 (3 . 142)

np1
L g Eonac Yo na+ ¥ ol
=1 j=1 j=1 j=1

]J=
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We adopt the notation as in (3.80) and denote by

Ai=A0, A=A,  Mi=Ap, A=Az, (3.143)
and similarly for n,; and np;. The marginality of the superpotential implies that
Aj+Ag +Aa =27, Ay+ A+ Ap =27,
A3+ Apy + Ay =271, Ag+ Apy + App =211, (3.144)
and
N+ g + g =2, n + g+ g =2,
Ny +np +1p =2, ng+npy +hy =2. (3.145)

3.4.3.1 A solution to the system of BAEs

The large N expression for the twisted superpotential, using the rules given in section 2.2.2,

can be written as

WKM = [atp(t? X, [rge (v £ A0) + [arep(o) (a7 - a)))

2
__/dl‘|t|p Zj :l:nf )ov(t Z Mgl + Np; H—Z)]

i=1

—#/dtp(t) Y [iLiz( i(ovlr iA“ (/dlp —1) (3.146)

where we introduced the notations

Y= ¥ . Yo = Z (3.147)

f=al,a2:+ a=3
f=b1,b2:— a=1

The solution for k =0 and n,; =n, =n, np; =np; =0.  As pointed out in [113], this
theory is dual to AdSy4 x QU1 /Z,,. The manifold Q''"! is defined by the coset

SU(2) x SU(2) x SU(2)
U(1) x U(1) ’

(3.148)

and has the isometry
SU(2) x SU(2) x SU(2) x U(1). (3.149)
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Using the symmetries of the quiver, we set for simplicity
Al=Mh=n—-A3=t—As=A. (3.150)

Let A, be the following linear combination of the topological chemical potentials of the
two gauge groups:
An=A - AP (3.151)

Solving the BAEs, we obtain the following general solution

nwlt|+2A,t —2u

pt)=- 3
3.152
Su(r) = &+ — UL And) o
nwlt| + 24t —2u’
on the support [7_,7;]. We determine 7+ from Sv(t1) = — (T — A):
H H
I =— , ty = . 3.153
nmw— Ay, T Ay G159
The normalization [~ dfp(¢) = 1 fixes
I it ] (3.154)
‘u_\/ﬁ\/Snzﬂz—A,%l. '
The solution satisfies, ;
2n’rw
Japwyorn=a-5"— o (3.155)

3.4.3.2 The index at large N

Given the rules in section 2.2.3, the topological free energy functional for this model reads
N3/2 /dtp [—+Z n,—1)g’. 6v() )}
1 -
— 5 Z naini+nbini+2)/dt lt|p(t) — (t+t)/dttp(t) (3.156)

—Zna/ drp(t)

v g A,
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where we have used the behavior
Sv(t) = &, (Aa—e_Nl/ZY“(’)>, ga=(1,1,—1,-1), (3.157)

in the tails. For the theory dual to AdS4 x Q"1 /Z,, we find

2 N3/2

=—= T (t+7) (4] — 572 Aun?) + A, —37%n* (AL —27%n?)] .
F= g O (85 413 (4] )]
(3.158)
3.44 U(N) gauge theory with adjoints and fundamentals
In this section, we consider the following flavored toric quiver gauge theory [113]
0123 (3.159)
with the superpotential
VDo V@ 2 N 3 20)
W =Trq 0192, 93] + Zlqj 01d; + quj 023, + _Zlq,- 93, ¢ - (3.160)
j= j= Jj=
The marginality condition on the superpotential (3.160) implies that
3 ~
A(pi = 275, A () +A 0 +A¢i = 271', (3161)
i=1 G4
and
3
Y ng =2, no o g =2. (3.162)
i=1 J J

Let A, and t be the chemical potential and the background flux for the topological symmetry
associated with the U(N) gauge group.
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The index at large N. On the support of p(¢), the solution is

2(u+lAm) — |l|A_
£) = " : 3.163
p(1) ¥ (3.163)
where we defined \ 5
A=TJ4s,. A=Y npay,. (3.164)
f=1 F=1 ‘
Let us denote by [r_,z. ] the support of p(¢). We determine 7+ from the condition p(r+) =0
and obtain
S (3.165)
=TT AF24, '

The normalization [* dt p(t) = 1 fixes the Lagrange multiplier u,

A . i
n= \/ﬁ (A=24,) (A+24,). (3.166)

Using the same methods presented earlier, we obtain the following expression for the

topological free energy,

N32 [ A _ . (A2 +4A2) 8An
§=—57\ 75 (A—24n) (A+24,) n+A_(A_2—4A,%1)_A_2—4A,% ,  (3.167)
where
3, 1y, 3
A= Z =, n= Zl’lm(pl (3.168)
i=1 A, i=1

When n; = ny = 0, and n3 = r, the moduli space reduces to C? x C? /Z, and Eq. (3.167)
becomes the topological free energy of the ADHM quiver [see Eq. (3.17)]. This is consistent
with the fact that this theory is dual to AdSy x S /Z,.



Chapter 4

Counting microstates of AdS4 black
holes in massive type IIA supergravity

4.1 Introduction

Extending the results of [10, 11], the large N limit of general three-dimensional Chern-
Simons-matter-gauge theories with an M-theory or a massive type IIA dual was studied
in chapters 2 and 3. For the special class of .4#" = 2 quiver gauge theories where the
Chern-Simons levels do not sum to zero the index has been shown to scale as N°/3 in
the large N limit, in agreement with a dual massive type IIA supergravity construction
[123-126, 84, 86, 127, 128, 152—154] (see also [155, 156]).

Motivated by the above results, we look at four-dimensional .#” = 8 supergravity with a
dyonically gauged ISO(7) = SO(7) x R’ gauge group that arises as a consistent truncation
of massive type IIA supergravity [157] on a six-sphere [158, 159] and its further truncation to
an .4~ = 2 theory with an Abelian gauge group R x U(1)>. The electric and magnetic gauge
couplings (g,m) are identified with the S® inverse radius and the ten-dimensional Romans
mass F(O), respectively. In particular, we analyze the supersymmetry conditions for black
holes in AdS4 x S0, with deformed metrics on the S6, in the presence of nontrivial scalar
fields. We mainly focus on the near-horizon geometries which were also recently analyzed in
[154]. For our holographic purposes here we rederive these solutions in a different way and
express the scalars and geometric data in terms of the conserved electromagnetic charges. For
the sake of clarity we focus primarily on the case of three magnetic charges n; (j =1,2,3)
(with one constraint relating them) and equal electric charges g; = g,V j = 1,2,3 with the

possibility for different horizon geometries of the form AdS, x X.
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The particular model we analyze corresponds to the .#” = 2 truncation of the .4 =8
theory [158] coupled to three vector multiplets (ny = 3) and the universal hypermultiplet
(ng = 1) [154]. We will call this model the dyonic STU model. The route that we take to
constructing the near-horizon geometries is based on a supersymmetry preserving version of
the Higgs mechanism worked out in [160] for the case of .4#” = 2 gauged supergravity. This
allows us to truncate away in a BPS preserving way a full massive vector multiplet (made from
the merging of the massless hypermultiplet and one of the three massless vector multiplets)
that forms after the spontaneous breaking of one of the gauge symmetries (corresponding to
the R in R x U(1)?). The remaining massless .#” = 2 gauged supergravity contains only two

vector multiplets and is described by the prepotential

7 (xy =2 (1_ ’ ) 3 (x'x2x) (“.1)
V3
where the dyonic gauge parameter is the ratio c = m/g.

The goal of the current work is to verify (1.2) by a direct counting in the dual boundary
description in terms of a topologically twisted Chern-Simons-matter gauge theory with level
k given by the quantized Romans mass, m = F =k/(2nly).!

The SCFT dual to the background AdS4 x S6 arises as an ./~ = 2 Chern-Simons defor-
mation (at level k) of the maximal .4#" = 8 SYM theory on the worldvolume of N D2-branes
[85, 84]. We will call this model the D2, theory. It has an adjoint vector multiplet (containing
a real scalar and a complex fermion) with gauge group U(N) or SU(N) and three chiral
multiplets ¢; (j = 1,2,3) (containing a complex scalar and fermion). To verify (1.2) we
evaluate the topologically twisted index for D2;.

Let us state the main result of this chapter. Upon extremizing .# (4;), at large N, with
respect to the chemical potentials A; we show that its value at the extremum A j precisely

reproduces the black hole entropy:
-_ 3 -
I (A)) =logZ(A Z Ajq; = Seu(nj,q;). (4.2)

In the above equation appears three chemical potentials A; and three electric charges ¢;:
two for the global symmetries and one for the R-symmetry. The extremization equations
are invariant under a common shift of g;’s, that corresponds to an electric charge for the
R-symmetry, while .# is not. We can fix the values of g;’s by requiring that .# is real positive

[11]. On the gravity side, there exists a BPS constraint that fixes one of the electric charges

14, is the string length.



4.2 The large N limit of the index for a generic theory 97

in order to have a smooth black hole. This argument thus gives an unambiguous prediction
for the Bekenstein-Hawking entropy of the black hole.
Moreover, we demonstrate another example of the conjecture originally posed in [161]:

—logZg (4) = 7 (X7) ,

4.3)
¥ -extremization = attractor mechanism,

where Zg (A j) denotes the S3 partition function for D2, depending on trial R-charges A j
[86]:

10ng:— 313/67[; 1_L k1/3N5/3(A AA )2/3 (44)
S 5><25/3 \/g 14243 .

The remainder of this chapter is arranged as follows. In section 4.2, we focus on the
large N limit of a class of three-dimensional supersymmetric Chern-Simons-matter gauge
theories arising from D2-branes probing generic Calabi-Yau three-fold (CY3) singularities
in the presence of non-zero quantized Romans mass. After deriving the formula (1.95), we
move to evaluate the twisted index for the .4 = 2 D2; theory. In section 4.4 we switch gears
and review the four-dimensional .4 = 2 dyonic STU model, as constructed in [154]. In
section 4.5 we discuss our supergravity solutions dual to a topologically twisted deformation
of the D2, theory. This section contains the supersymmetric conditions for the existence of
black hole solutions. We then proceed to analyze in more detail the exact UV and IR limits
of the general equations, recovering the asymptotic AdS4 and the near-horizon AdS; x X4
geometries. We finish this section by commenting on the general existence of full BPS flows
between the UV and IR solutions that we have. In section 4.6 we compare the field theory
and the supergravity results, and we show that the .#-extremization correctly reproduces the
black hole entropy.

Let us note that, the counting of microstates for black holes with constant scalar fields
— equal fluxes along the exact R-symmetry of three-dimensional SCFTs — and horizon
topology AdS, x X4, (g > 1) has been recently considered in [162]. While we were complet-
ing this work, we became aware of [163] which we understand has overlap with the results

presented here.

4.2 The large N limit of the index for a generic theory

We focus on Chern-Simons quiver gauge theories with bi-fundamental and adjoint chiral
multiplets transforming in representations R; of G and a number |G| of U(N) gauge groups

with equal Chern-Simons couplings k, =k (a = 1,...,|G|). We are interested in the large
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N limit, N > k, with ZQI ks # 0, of the index for Chern-Simons-matter gauge theories
with massive type IIA supergravity duals AdS4 x .Ys [123-126, 84, 86, 127, 128, 152—
154]. Here .#Ys denotes the suspension of a generic Sasaki-Einstein five-manifold Ys:
ds(zﬂ,5 =da? +sin’ o ds,z/5 and o € [0, 7] with & = 0, 7 being isolated conical singularities.?
These theories describe the dynamics of N D2-branes probing a generic Calabi-Yau three-fold
(CY3) singularity in the presence of a non-vanishing quantized Romans mass m [122].

The twisted superpotential W for this class of theories reads (see section 2.6.2)

where
|G|

n=Yy k,=|Glk. (4.6)
a=1
We need to extremize the local functional V//v(p (t),v(t),Ar) with respect to the continuous
functions p(¢) and v(z). The solution for Y ;c, A; = 2, for each term W, in the superpotential,
is as follows:?

1
V(t) = —%t,
_ 31/6 n 1/3 2 n 2
pl) = 2 [ZA%(AI)} 332 {Zlng(Al)}t 7
5/6 1/3 (4.7)
ti::I:S2 [Zlg;(Al)} )

. 2/3
w= ? (1 - %) n'/? lsggmz)] :

One can explicitly check that

3
W (1) = =iV (P (1) valt), A1)y, = SUN. (4.8)

This is indeed equal to —logZgs, cf. Eq. (3.26) in [86], up to a normalization. Here Zg is the
partition function of the same .4 = 2 theory on the three-sphere [55, 63, 47].

’The line element dszy,Y5 is called the sine cone over Ys, and is an Einstein metric admitting a Killing spinor.
3The support [r_,2,] of p() can be determined from the relations p(t1) = 0.
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For this class of Chern-Simons-matter quiver gauge theories the topologically twisted

index, at large NV, is given by (2.125):

: 2
IGI% +;(n1 - 1)g’+(AI)] N3/3 / d ii

wak 4.9)

logZ = —

Plugging the solution (4.7) into the index (4.9), we obtain the following simple expression

for the logarithm of the index

. 30, (A _A) o (A
logZ (n7, A7) = 3778 (1— : )n1/3N5/3Z’[”g+( IH(W ”>g+< 1)] (4.10)

S0\ V3 g (A

Remarkably, it can be rewritten as

37/671' i 1/3 Cy (n],A])

Here a (4;) is the trial a central charge of the “parent” four-dimensional . #” = 1 SCFT on S? x
T2, with a partial topological A-twist on S, and ¢, (n7,4;) is the trial right-moving central
charge of the two-dimensional .#" = (0,2) theory on T2 obtained from the compactification
on SZ (see subsection 1.9.2).* Notice that (4.11) is consistent with (1.77).

4.3 The index of D2; at large N

So far the discussion was completely general. Let us now focus on the .#” = 2 Chern-Simons
deformation of the maximal SYM theory in three dimensions [85, 84]. In .4 = 2 notation,
the three-dimensional maximal SYM has an adjoint vector multiplet (containing a real scalar
and a complex fermion) with gauge group U(N) or SU(N) as well as three chiral multiplets
¢; (j =1,2,3) (containing a complex scalar and fermion). This theory has U(1)g x SU(3)
symmetry, with SU(3) rotating the three complex scalar fields in the chiral multiplets. The
quiver diagram for this theory is depicted below.

0123
k

4We refer the reader to [40, 41, 87, 164, 44, 45, 165, 166] for a detailed analysis of superconformal theories
obtained by twisted compactifications of four-dimensional .4” = 1 theories and their holographic realization.
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It has a cubic superpotential,

W ="Tr(¢3[¢1,¢2]) - (4.12)

We assign chemical potentials A; € [0,27] to the fields ¢;. The invariance of each monomial
term in the superpotential under the global symmetries of the theory imposes the following

constraints on the chemical potentials A; and the flavor magnetic fluxes n; associated with
the fields ¢;,

3 3
Y Aje2nz, Y nj=2, (4.13)
j=1 j=1

where the latter comes from supersymmetry. Since 0 < A; < 27 we can only have ):?:1 Aj=
2ms,Vs =0,1,2,3. The cases s = 0,3 are singular while those for s =2 and s = 1 are related

by a discrete symmetry A; = 27w — A;. Thus, without loss of generality, we will assume
Y3 Aj =271 We find that

= =AM A3,

DN | =

(4.14)

i

(Al +A2 —|—A3) 2(A1A2 +A2A3 —I—AlAg)} .

-I>I>—‘

Finally, the “on-shell” value of the twisted superpotential (4.8) and the index (4.10), at large
N, can be written as

vz 313/6 L\ 17305/ 2/3
W(Aj):—(l——>k/N/ (A1A,43)3

5% 28/3 V3
| AN 37/6 J 1/37/5/3 2/3 s n; 1>
0gZ(nj,Aj) = ~5. 55 (1 — %) K'PNP (A1 A A3) j_ZIA—j,
which is valid for 23:1 A;j=2mand 0 < A; <27 Note also that
SO >
logZ(nj,A Z , (4.16)

as expected from the index theorem (1.87).
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4.4 Dyonic STU model

We look at the .#” = 2 truncation of the dyonic ISO(7) gauged supergravity constructed
recently in [154], as the analogue of the STU model. We call this the “dyonic STU model”
(see Fig. 4.1). It corresponds to picking the maximal Abelian subgroup of the original ISO(7)
gauge group and arranging the resulting four Abelian vectors in an .#” = 2 gravity multiplet
and three vector multiplets. Due to the characteristics of the supergravity theory under
consideration, there is the requirement that the four vectors couple to a hypermultiplet, so

that they effectively gauge some of the isometries of the scalar manifold.

10D massive ITA
—— S truncation [84, 158]
- --> Cartan truncation [154]
4D N =81ISO(7) |--------- >| A4 =2 dyonic STU

Figure 4.1 Sequence of consistent truncations from massive type IIA supergravity in ten
dimensions, to the dyonic STU model in four dimensions.

We start with the bosonic part of the Lagrangian for the dyonic STU model, following

the notation and conventions of the standard reference [167],

1 R —_ 1
—_gdyonic STU — 5 — Vg,m - g,'jaleauZJ - huvvﬂ(]uvﬂqv + ZIAzHAI”WHEuv

Ve 2

1

ghvpo

m——B
48

elvPe n 0
4.17)

0
[.LvapAOO' -

This is supplemented by a fermionic counterpart which we do not present here. It is however

instructive to look at the covariant derivative of the gravitino,

1 I I
Viuwva = (du— 1 & Yoy + QAu)llva + (Qug" wua® — g(ﬁanMGXAB)WvB . (4.18)

Many of the above quantities require explanation, and in what follows we will discuss

independently several of the sectors of the theory.
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4.4.1 Gravity multiplet

The gravity multiplet consists of the graviton gy, a doublet of gravitini ¥4, which transform
into each other under the R-symmetry group U(1)g X SU(2)R, and a gauge field called the
graviphoton with field strength 7},. Due to the presence of three additional vector multiplets
in the theory the total number of gauge fields is four, denoted by A% | A € {0,1,2,3}. The
graviphoton field strength is a scalar dependent linear combination of the four field strengths
F[L\v. The theory we consider is gauged, meaning that some of the original global symmetries

of the theory have been made local.

4.4.2 Universal hypermultiplet

An 4" = 2 hypermultiplet consists of four real scalars g" and two chiral fermions { called
hyperini. The scalar moduli space is a quaternionic Kdhler manifold with metric A,,(q) and
three almost complex structures which further define three quaternionic two-forms that are
covariantly constant with respect to an SU(2) connection @*, x € {1,2,3}. The particular
model that comes from the truncation of .4 = 8 ISO(7) gauged supergravity has a single
hypermutiplet, which universally appears in various string compactifications, hence called
the universal hypermultiplet. The moduli space is the coset space SU(2, 1) /U(2). The metric,

written in terms of real coordinates {¢, &, {, £}, is

1 0 0 0
0 La40 _ 149 F Lla40

h= 14~ 1.2 8127 ?4C~ (4.19)
0 %64")&; —%e“q’é’éj %ezq’(l—l—}‘ezq’é’z)

The isometry group SU(2,1) has eight generators; two of these are used for gauging in
the model under consideration, generating the group R x U(1). The corresponding Killing

vectors are
=05, kW =-C0,+(0;. (4.20)

One defines Killing vectors with index A corresponding to each of the four gauge fields, such

that the hypermultiplet scalar covariant derivative that appears in (4.17) reads

Vug" = ug" — g(H", ) = dug" — gk A + gk F Az . | (4.21)



4.4 Dyonic STU model 103

where g is the gauge coupling constant and the operation (.,.) is the symplectic inner product
which will be discussed further when we move to the vector multiplet sector. What is
important to notice here is that we allow for the hypermultiplet isometries to be gauged not
only by the “ordinary” electric fields Aﬁ but also by their dual magnetic fields A4 ;. In the

particular model here, the non-vanishing Killing vectors are
ko=kt | KO=ck®, kps=k"D, ==, (4.22)

which means that the magnetic gauge field Ao, explicitly appears in the covariant derivative
of the scalar o with an effective coupling constant m related to the Romans mass of the
massive type IIA supergravity.

Note that although all four Abelian vectors participate in the gauging of the above
isometries, only two different isometries are actually being gauged: one corresponding to the
non-compact group R, gauged by a linear combination of the electric and magnetic gauge
fields A? and A, and a U(1) isometry gauged by the linear combination A' +A2 +A3. These
gaugings, via supersymmetry, generate a nontrivial scalar potential, which has a critical point
corresponding to an AdS, vacuum.

One can also define moment maps (or momentum maps) associated with each isometry
on the quaternionic Kdhler manifold. Using the metric and SU(2) connection on the universal

hypermultiplet scalar manifold (see e.g. appendix D of [168]) we find

R=(0, 0. ~1e*), P =(0, 0, ~Lec2),
P1’2’3:(§e¢, —Ce?, 1_%(§2+§2)62¢>7 P1’2’3:<0, 0, 0). (4.23)

These are the moment maps that appear in the gravitino covariant derivative (4.18) as a
symplectic vector &* = (Px7A,P/’{). Even in the absence of hypermultiplets the moment

maps can be non-zero, signifying that the R-symmetry rotating the gravitini is gauged.

4.4.3 STU vector multiplets

Each .#" = 2 vector multiplet consists of one gauge field, a doublet of chiral fermions A4
called gaugini, and a complex scalar field z. We already mentioned that the STU model has

three vector multiplets and hence three complex scalars 7', labeled by s, ¢, and u: d=s 2=t

2> = u. The complex scalars in the vector multiplets parameterize the special Kihler scalar

(SK) manifold .#sx = [SU(1,1)/U(1)]? whose metric can be derived from a prepotential
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%, which for the STU model is,
F = -2VvXOX1X2X3 | 4.24)

XA = XA (Z') define the holomorphic sections 2" = (X, F4 ) where

Era

FA:W.

(4.25)

Z transforms as a vector under electromagnetic duality or symplectic rotations which
leave the solutions of the theory invariant. Other symplectic vectors are the Killing vectors
A= (KA k%), the moment maps &% = (P*A, P%), the gauge fields <7, = (Aﬁ,AA#),
and finally the vector of magnetic p”* and electric e, charges, 2 = (p”,e,), giving the name
to the duality.

Returning to the holomorphic sections, we pick the standard parameterization

(x°, X' X2 X3 Fy, Fi, Po, F3) = (—stu, —s, —t, —u, 1, tu, su, st) . (4.26)
The metric on the moduli space follows from the Kéhler potential,
H = —1og(i{ X, X)) = —log(iXYFy —iX Fy) = —log(i(s—35)(t =) (u—a)) , (4.27)

as g;7 = 0,074 with 9; = 9 /d7'. We therefore find that g;; is diagonal

8ss = m y 8 — m y 8ui = m . (4.28)
Using the Kihler potential we introduce the rescaled sections
Y =X Py = (XXM ¥ 2Fy) = (LA, My) (4.29)
and covariant derivatives
DV = (f* hip) =’/ ((&,-XA Y XA0: ), (3iFp + Fa a,yz/)) . (430)

Moving on to the kinetic terms for the vector fields, the magnetic gauging of the R isom-
etry in (4.22), leads to the appearance of the magnetic field Ag j, in the covariant derivative
of the scalar field o. Consistency with supersymmetry then requires the introduction of an
auxiliary tensor field Bgv as derived in [169, 170]. The Lagrangian (4.17) therefore contains
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the modified field strengths

1 _ .
0 — 0 0 =123 _
HHV:FﬂV+§mBMV , HZLV :F[,llv N (431)
where F[L‘v are the field strengths of the electric potentials Aﬁ. The kinetic and theta term for
the field strengths H involve the scalar-dependent matrices, [yy = Im(./4" )y and Ryx =
Re(.4")sx. The matrix .4 can be computed from the prepotential via

(NarX") (NzaX*)

XONopXT , (4.32)

NMx ZFAZ +2i

where Foy = dadsF and Nyx =Im(F)px.

4.4.4 Scalar potential

The last part of the Lagrangian (4.17) left to discuss is the scalar potential V; ,, which depends
on the electric and magnetic gauge coupling constants g and m and is given by the general

formula

Ve = 8 (4 (K Y WH T ) 4+ g 1P D WP* DT ) =3 P* V) (P F))
(4.33)

Ve m can be further evaluated explicitly for the dyonic STU model but we will not need its
expression.

The theory is now fully specified by the data of the hypermultiplet moduli space, the
vector multiplet moduli space, derived from the prepotential .# in (4.24), and the Killing
vectors (4.22) specifying the gauging.

4.4.5 Tensor fields

Due to the presence of the auxiliary tensor field BY (the other auxiliary fields can be immedi-
ately decoupled from the theory), there is an additional constraint arising as an equation of
motion for B?,

1
Ga v = Fa vy +=mB) (4.34)

20 R
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where G,y is the dual field strength defined by G4 = (2//—g) * 8. /8F. This leads to

1 1
GA#\/ = EIAZHIE:V + ﬁﬁu\;pgR/\zH&pa . (4.35)

The appearance of the magnetic gauge field Ay in the Lagrangian leads to the following

equation of motion constraining the auxiliary tensor field
1
ZS“V”"%B% = —2/—gh,k"OV9q" (4.36)

while the rest of the equations of motion are the standard Einstein—-Maxwell equations (with
sources) and the scalar equations, stemming from (4.17). We discuss these in great details in
appendix B. Note that the BPS conditions together with the Maxwell equations imply the
rest of the equations of motion.

4.5 AdS; black holes in .4 = 2 dyonic STU gauged super-
gravity

We now turn to the gravity duals of the field theories we have discussed so far. Our aim
is to find supersymmetric AdS,4 black hole solutions in the .4 = 2 dyonic STU gauged
supergravity. We will do so in several steps, leaving all detailed calculations to appendix B;
for each step we find useful to dedicate a subsection. First, we describe the black hole ansatz
and supersymmetry equations derived by [34, 71]. We then concentrate separately on the
conditions for the asymptotic AdS4 vacuum and the near-horizon AdS, x X, geometry. We
manage to rewrite the near-horizon data in a particularly simple form in order to facilitate the
match with the field theory. We finish the supergravity analysis by presenting arguments for
the existence of a full BPS flow between the UV and IR geometry. Ultimately, the existence

of the complete geometries is best justified by the successful entropy match with field theory.

4.5.1 Black hole ansatz and BPS conditions

Static BPS AdS4 black holes in general models with dyonic hypermultiplet gauging, were
considered in [71] generalizing earlier work of [31-36]. The reader can find all the details
about the bosonic ansatz and BPS equations in appendix B. Here, for the sake of clarity, we

repeat the form of the metric,

ds? = —e?Vdr? 4 e g2 42U (g Q2 | (4.37)
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where the radial functions U(r), y(r) and the choice of scalar curvature x for the horizon
manifold, uniquely specify the spacetime. Electric and magnetic charges, e, (r) and p” (r),
are present for each gauge field, and can have a radial dependence due to the fact that some
of the hypermultiplet scalars source the Maxwell equations. The spacetime symmetries
also impose a purely radial dependence for the SK complex scalars s(r), (r), u(r) and the
QK real scalars ¢ (r), o(r), £(r), E(r), as well as the phase &(r) of the Killing spinors that
parameterize the fermionic symmetries of the black hole.

We systematically write down the conditions for supersymmetry and equations of motion
in appendix B, while here we only discuss the most important points about the solution. In

particular we find that we can already fix three of the four hypermultiplet scalars

(=(=0, o = const., (4.38)

where the particular value of o is not physical as it is a gauge dependent quantity that drops
out of all BPS equations. The remaining hypermultiplet scalar however has in general a
nontrivial radial profile governed by the equation

¢ = —gxde” 2 VIm (e *(X° — cRy)) | (4.39)

where the Kihler potential e and A = +1 are discussed in the appendix B. The scalar ¢

precisely sources the Maxwell equations, which read
PP =cey=—ce? Ve Re (e (X"~ cR)) , (4.40)

while all other charges p'?3 and e1 2,3 are truly conserved quantities. These two equations
highlight an important physical feature of the black holes in massive IIA supergravity: due
to the presence of charged hypermultiplet scalars there are massive vector fields that do not
have conserved charges. The charges of the massive vectors are not felt by the field theory,
which explains why there were only three different charges considered in the previous section.

These are the magnetic charges p1’273

as here we will further simplify our ansatz and put
e12,3 = e to be fixed by the magnetic charges. However, one still needs to solve consistently
the BPS equations for the massive vector fields, which presents a particularly hard obstacle
computationally, and has prevented people from writing down exact analytic solutions for

black holes with massive vector fields before [34].
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4.5.2 Constant scalars, analytic UV and IR geometries

Let us now concentrate on the two important end-points of the full black hole flow: the
asymptotic UV space AdS4 and the IR fixed point, AdS; X X;. Due to the symmetries of
these spaces the scalars and charges are constant there, which means (4.39)-(4.40) can be
further constrained by setting their left-hand sides to zero. This immediately implies

X0~ Ry =0=X0=(—o)?P(X'X2X3)V3 ) stu=—c, (4.41)

which presents a strong constraint of the vector multiplet moduli space. In fact the remaining

scalars (e.g. freezing s in favor of ¢ and ) are consistent with the simplified prepotential®
3
F* = —5(—c)1/3(X1X2X3)2/3 : (4.42)

Notice that in this constant scalar case, the BPS equations automatically lead us to an
effective truncation of the theory to a subsector, by “freezing” some of the fields. In particular,
we see that the massive vector field has “eaten up” the Goldstone boson o, and together
with the massive scalars (, Z:f , ¢ and the complex combination of sfu can be integrated
out of the model. This corresponds to a supersymmetry preserving version of the Higgs
mechanism discussed in [160] and a truncation® to an A4 = 2 theory with two massless
vector multiplets and no hypermultiplets. The remainders of the gauged hypermultiplet are
constant parameters gauging the R-symmetry, known as Fayet-Iliopoulos terms, & = PI":3,
I €{1,2,3}. Therefore the effective, or truncated, prepotential .7 * is indeed the prepotential
defining the Higgsed theory. This mechanism is in fact the reason why we are able to write
down exact analytic solutions in the UV and IR limits where the constant scalar assumptions
holds. Note that one could have in principle performed this truncation of the full theory
looking for full black hole solutions there. However, this turns out to be a too strong

constraint; in particular we will see that in the UV we have

(€)yy =2¢723 (4.43)

>Note that directly substituting X° in the original prepotential (4.24) leads to a different normalization. Such
a different prefactor does not lead to a change in physical quantities, but we prefer to comply with the correct
normalization of the kinetic terms as imposed by the choice of parameterization in (4.26).

®Note that strictly speaking we have not proven that this is a consistent truncation as the proof in [160] only
considered electrically gauged hypermultiplets. For the analogous proof in the general dyonic case one needs to
use the full superconformal formalism of [171] where the general theory is properly defined. However, here we
never need to go to such lengths since we use the Higgs mechanism to clarify the physical picture, not as a
guiding principle in deriving the BPS equations.
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while in the IR in general
26'_2/3

20y _

(4.44)

with H' particular functions of the charges. Imposing the constraint that ¢ is constant
throughout the flow @uy = @r leads to a black hole solution with only a subset of all
possible charges. This is the so called universal twist solution (defined only for hyperbolic
Riemann surfaces) dating back to [28, 29]. This class of black holes studied for massive ITA
supergravity on S° in [153] and recently described holographically in [162] (see also [172]).

4.5.2.1 Asymptotic AdS; vacuum

The black hole is asymptotically locally AdS4 (it is often called magnetic AdS, in the
literature [173]). The dual boundary theory is a relevant deformation of the D2 theory,
partially twisted by the presence of the magnetic charges. In this section we analyze the exact
AdS4 vacuum, which constrains the scalar fields to obey the maximally supersymmetric
conditions derived in [160]. These conditions, as shown in more details in appendix B, not
only constrain the scalars to be constant with { = 5 = 0 and stu = —c but further impose the
particular vacuum expectation values

() ads, = (t)ags, = (W)ags, = (—)'/?,

(4.45)
(€¥) ags, = 2¢ 723,

which can be checked to explicitly solve all the equations (B.6) at r — oo. The metric
functions in this limit become
v Lads, c

1 71” = 1 - = = —_——
lim (re”¥) = lime 0 Laes =i

, (4.46)
as already found in [153].

4.5.2.2 Near-horizon geometry and attractor mechanism

The attractor mechanism for static supersymmetric asymptotically AdS4 black holes was
studied in detail in [71], generalizing the results of [32] to cases with general hypermultiplet
gaugings. The near-horizon geometry is of the direct product type AdS, x Xy and preserves
four real supercharges, double the amount preserved by the full black hole geometry. We
solve carefully all equations in appendix B, while here we present an alternative derivation
which, although incomplete as we explain in due course, is more suitable for the comparison
with field theory.
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The near-horizon metric functions are given by

U = log(r/Lads,) , v =log(Lx, -r/Lags,), (4.47)

where Lags, is the radius of AdS; and Ly . that of the surface X.
We start with the BPS condition coming from the topological twist for the magnetic

charges (valid not only on the horizon but everywhere in spacetime)

3
gy p'=-x, (4.48)
I=1
with K the unit curvature of the internal manifold on the horizon (k = +1 for §? and ¥ = —1

for Xy~1). The general attractor equations imply in particular that the horizon radius is given
by

L Z Yi(eX —p'F)
I3 =ik~ = . 4.4
Zg lK'g lg( 1 7 3) ( 9)

where in the last equality we already used the model specific information that X — cFy = 0
which implies X = (—¢)?/3(X'X2X3)!/3. Notice that the same equation is found by directly
using the truncated prepotential, .% *, since by construction

F(X° = (~e)?Px'x2) P = Fr | Wie{1,2,3),
P (4.50)

2 .
:>ng = lK—g* .

This shows that we can equally well use the truncated prepotential for this attractor equation.
To solve it, we define the weighted sections X/ = X!/ ¥, X” such that ¥, X! = 1, and find

3
Z (P'Ef —eX") —gL , 4.51)

where we used the shorthand notation F*(X!) = £, This expression is extremized at the
horizon

dgs [Zl(plﬁl* —eX 1)] 2

=0, (4.52)

horizon

fixing the weighted sections, X! . = H' in terms of the electric and magnetic charges.
Let us now concentrate on what we call “purely magnetic” solution, i.e. let us work under

the assumption that we only have independent magnetic charges and all electric charges are
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equal e; = e. The equations simplify to
s (Lip'F}) |y =0, (4.53)
given ¥, X! = 1. We find the following solutions:

‘ EJk (PJ - PK) ‘

JK 2\/(\/64_—191)2 — p! pK )

3H =1+ (4.54)

where the =+ signs are not correlated so we have four solutions. Here &k is the Levi—Civita
symbol and
O(p)=(p)’+ (") + ()~ (' PP +0' P + 1) (4.55)
The sign ambiguities are to be resolved in the full geometry as proper normalization of
the scalar kinetic terms require that Im(s,#,u) > 0 everywhere in spacetime, including the
horizon values. It is now straightforward to derive the physical scalars from the weighted
sections H',
eim/3.1/31 ei/3:1/3 2 ei®/3.1/3 3
s:m, t:m, u:m. (4.56)
At first it might seem that there is an ambiguity in the attractor equation, since at the moment
we have allowed for an arbitrary parameter e which sets the value of the three equal electric
charges. This is however misleading, because we have in fact not yet solved the original
equation (4.49). The electric charges there play the crucial role of making sure the radius of

the horizon is indeed a positive real quantity,

Z _ K 4/3 1/3 /771 172 17372/3 104l 1

7= (VPP Py i)~ L)
_ _g <e‘2i”/3c1/3(H1H2H3)2/3Z,(p’/H’) B e) (4.57)
= —ikL3, .

The imaginary part of the last equation fixes the radius of the Riemann surface,

12 __écl/s
Zg_ 2g

3 1
123323 P
(HHHL])/;m (4.58)
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while the real part fixes the value of the electric charges,

3
2 =R A
However, (4.49) can only get us this far, and one needs to solve the other near-horizon
equations in order to write down the full solutions, as we have done in appendix B. This way
one can fix the massive vector charges p°, ¢, as well as the hypermultiplet scalar ¢:
gcl/3 5 eZq) 2¢-2/3

3\/§(H1H2H3)1/3L29 ’ - 3(H'H2H?)1/3 (4.60)

p’=ceg=

The AdS; radius is also fixed from the remaining near-horizon BPS equations analyzed in
appendix B, and it can also be expressed in terms of the functions A’ as

33/4¢1/6 (! H2H3) /3
2g ’

Lags, = (4.61)
Finally, for completeness, we write the Bekenstein-Hawking entropy for black holes with
spherical horiozn (k = +1):’

Area _ 7TL§2 B /3 o/3

3 1
Sy = - H'HH?PY 2 4.62
B 060 T Gy 250n° ) ,; HI (+62)

4.5.3 Existence of full black hole flows

The main challenge in constructing the full black hole spacetime interpolating between the
UV and IR geometries we presented above, is the nontrivial massive vector field we need
to consider. We have seen that in the constant scalar case we can effectively decouple the
massive vector multiplet but this is not the case for the full flow, if we wish to have the most
general spacetime. For the BPS equations, it is useful to define the function

Y(r) = cky —X%=c+ s(r)e(r)u(r) , (4.63)

which vanishes both in the UV and the IR. The function ¥(r) is in principle fixed by the
BPS equations determining the scalars s, ¢, and u, and in turn governs the flow of the
hypermultiplet scalar field ¢ as well as the massive vector charge p° via (4.39) and (4.40),

respectively. The remaining first order BPS equations involve also the metric functions U

A precise counting of microstates for g = 0 case implies matching of the index and the entropy for all
values of g (see section 6 of [61]).
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and v, as well as the Killing spinor phase o while the conserved charges e; > 3 and ph23

remain constant and have been fixed already at the horizon. Therefore we have a total of
eight coupled differential equations for eight independent variables® {s, ¢, u, ¢, p°, U, v,
o). All these fields have been uniquely fixed in the UV and IR as shown above and more
carefully in appendix B. A similar set of equations with running hypermultiplet scalars has
been considered in [34] with the result that one can always connect the UV and IR solutions
with a full numerical flow, whenever the number of free parameters matches the number of
first order differential equations, as is also the case here. It is of course interesting to find
such solutions explicitly but we leave this for a future investigation as the main scope here is

the field theory match of our results, to which we turn now.

4.6 Comparison of index and entropy

Now we are in a position to confront the topologically twisted index of D2, to leading order
in N, (4.15) with the Bekenstein-Hawking entropy (4.62). Let us first note that the relations
between SCFT parameters (N, k) and their supergravity duals in massive type ITA, to leading
order in the large N limit, read®

_ 1/5
m' B 1B 35 ayss m_( 3\ NS (4.64)
4G 22/35 ’ g \l6m3

From here on we set g; = g,V j = 1,2,3. The topologically twisted index of D2 (4.15)

as a function of A 3 is extremized for

3A_2 _ ’n3 —111| 3A_3 1 ‘111 —n2]
2T 2 ’ 2T 2 T (4.65)
\/(\/5:&112) —nin3 \/(\/6:|:n3) —nny
where we defined the quantity
(0] En%+n%+n§— (ninp +nynz +non3) (4.66)

8Note that in the “purely magnetic” ansatz the phase of the complex scalars has been fixed, therefore we
count s, ¢, u as each is carrying a single degree of freedom.
9See for example [86, 84].
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which is symmetric under permutations of n;. Upon identifying

&:Hj

2r .. (4.67)
—2op) R f =1,2,3

n] gp ’ QJ 2gGN’ or ] )<y~

(4.65) are precisely the values of the weighted holomorphic sections X/ at the horizon (4.54).
The constraint } ;A; € 277 is consistent with ). JX J =1 valid in the bulk. Plugging the
values for the critical points (4.65) back into the Legendre transform of the partition function
(4.15), and employing (4.64) we finally arrive at the conclusion that (4.2) holds true. We
thus found a precise statistical mechanical interpretation of the black hole entropy (4.62).
Obviously, the above analyses goes through for the most general case with three unequal
electric charges and different horizon topologies [11].

It is worth stressing that the imaginary part of the partition function (4.15) uniquely fixes
the value of the electric charges g; = ¢,V j = 1,2, 3 such that its value at the critical point is a
real positive quantity in agreement with the supergravity attractor mechanism and the general
expectations in [11]. This precise holographic match therefore presents a new and successful
check on the .7 -extremization principle (see section 1.7) in the presence of a nontrivial phase

which is new with respect to previous examples such as the index of ABJM.



Chapter 5

The Cardy limit of the topologically
twisted index and black strings in AdS;

5.1 Introduction

The large N limit of general three-dimensional quivers with an AdS dual was studied in the
previous chapters. In this chapter we study the asymptotic behavior of the index, at finite N,
for four-dimensional .4~ = 1 gauge theories. With an eye on holography we also evaluate
the index in the large N limit. We focus, in particular, on the class of .4#” = 1 theories arising
from D3-branes probing Calabi-Yau singularities, which have a well-known holographic
dual in terms of compactifications on Sasaki-Einstein manifolds (see section 1.2).

The explicit evaluation of the topologically twisted index is a hard task, even in the
large N limit. However, the index greatly simplifies if we identify the modulus T = i3 /2%
of the torus 72 with a fictitious inverse temperature 3, and take the limit § — 0. We
will call this the high-temperature limit. Our finding implies a Cardy-like behavior of
the topologically twisted index, which is related to the modular properties of the elliptic
genus [174, 175]. Analogous behaviors for other partition functions have been found in
[176-178, 98-100, 102, 179, 103, 180, 181, 69].

The rest of the chapter is organized as follows. In section 5.2 we analyze the high-
temperature limit of the index for .4~ = 4 super Yang-Mills while in section 5.3 we discuss
the example of the conifold. Then in section 5.4 we derive the formulae (1.78), (1.80), (1.84)
and (1.85).
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5.2 A4 =4 super Yang-Mills

We first consider the twisted compactification of four-dimensional .#” = 4 super Yang-Mills
(SYM) with gauge group SU(N) on S?. At low energies, it results in a family of two-
dimensional theories with .4~ = (0,2) supersymmetry depending on the twisting parameters
n [40, 41]. The theory describes the dynamics of N D3-branes wrapped on S? and can be
pictured as the quiver gauge theory given in (5.1).

P23 @I\D (5.1)

W ="Tr(¢3[¢1,92]) (5.2)

imposes the following constraints on the chemical potentials A, and the flavor magnetic

The superpotential

fluxes n, associated with the fields ¢,,

3 3
Y A, e2nZ, Y no=2. (5.3)
a=1

a=1

The topologically twisted index for the SU(N) SYM theory is given by!

N 9( ) 3 m;—m;—ng+1
N L /H x”q 1| RS
' meZN 27rzx, J#i lT] a=l l<x_l-ya;Q>
Yim;=0 !

where we defined the quantity

(N=1)(1—-ny)
} (5.5)

Y lel[ ))

Here, we already imposed the SU(N) constraint [TY ;x; = 1. Instead of performing a

constrained sum over gauge magnetic fluxes we introduce the Lagrange multiplier w and

"We do not isolate the vacuum contribution — the so called supersymmetric Casimir energy — from the
index (see section 3.3 of [69]).
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consider an unconstrained sum. Thus, the index reads

) m;—m;—ng+1

ﬁ in(q)

a=1 | 6; (%ya;q)

Z / 2clw L / Ii:ll d Iz_vI 91'<f§—;.;61
i Tiw ¢ i 27X g, in(q)

(5.6)
In order to evaluate (5.6), we employ the strategy introduced in section 1.6. The Jeffrey-
Kirwan residue picks a middle-dimensional contour in ((C*)N. We can then take a large

positive integer M and resum the contributions m < M — 1. Performing the summations we
get

1—ng,

M dg N ’B)MN91< )3
277:zw Hme, He’Bt—IH in H 0 < ya,q> , (5.7)

i=1 JFi a=

where we defined

. N 3 0 )C—fy 3q
elBi — WH H M (5.8)
j 0

In picking the residues, we need to insert a Jacobian in the partition function and evaluate

everything else at the poles, which are located at the solutions to the BAEs,
eBi=1, (5.9)

such that the off-diagonal vector multiplet contribution does not vanish. We consider (5.9) as a
system of N independent equations with respect to N independent variables {xj,...,xy_1,w}.
In the final expression, the dependence on the cut-off M disappears and we find

1-n,
| N6 <§?4> 3 in(q)
7 =g . J , (5.10)
IegiEs det]B,I;I,- in(q) al;ll 0 (%ya;Q>

where the summation is over all solutions / to the BAEs (5.9). The matrix B appearing in the

Jacobian has the following form

9 (1. eiB)

B = .
d (logxy,...,logxy_1,logw)

(5.11)
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5.2.1 Twisted superpotential at high temperature

In this section we study the high-temperature limit (¢ — 1) of the twisted superpotential.
Let us start by considering the BAEs (5.9) at high temperature. Taking the logarithm of the
BAEs (5.9), we obtain

N 3

X X

0= —27in;+logw— Y )" {log {91 <jya;q)] —log {91 (x—{ya;q>] } . (5.12)
j=la=1 J i

where n; is an integer that parameterizes the angular ambiguity. It is convenient to use the

variables u;, A4, v, defined modulo 27:

xj = el Vg = ede w=¢e". (5.13)

Then, using the asymptotic formula (A.11) and (A.14) we obtain the high-temperature limit
of the BAEs (5.12), up to exponentially suppressed corrections,

N 3
0= —2m‘n,-+iv+ll3 YN [F (ui—uj+As) = F (uj—ui+Ad)] (5.14)
j=la=1

where i/(277) = 1/ is the formal “temperature” variable. Here, we have introduced the
polynomial functions
31, 2 ) 2
F(u) = — — ~nu’sign[Re(u)] + —u, F'(u) = — — musign[Re(u)] + = . (.15)
6 2 3 2 3
The high-temperature limit of the twisted superpotential can be found directly by inte-
grating the BAEs (5.14) with respect to #; and summing over i. It reads

N iIN—1) 3
P ) =Y Crn— v+ D Y R (4

i=1 ﬁ a=1

U (5.16)
toa Y Y [F(ui—uj+Ag) +F (uj—ui+A4q)] -

2ﬁ i#ja=1

It is easy to check that the BAEs (5.14) can be obtained as critical points of the above twisted
superpotential. We introduced a A,-dependent integration constant in order to have precisely
one contribution F (u,- —uj+ Aa) for each component of the adjoint multiplet.

It is natural to restrict the A, to the fundamental domain. In the high-temperature limit,
we can assume that A, are real and 0 < A, < 27. Moreover, since (5.3) must hold, 22:1 A,
can only be 0,27,4w or 6. We have checked that 2(31:1 A, = 0,67 lead to a singular
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index, and those for 27 and 47 are related by a discrete symmetry of the index i.e. y, —
1/y4(Aq — 27— A,). Thus, without loss of generality, we will assume 22:1 A, =27 in the
following.

The solution for }', A, = 27. We seek for solutions to the BAEs (5.14) assuming that
0 <Re(uj—u;) +A, <27, vV i ja. (5.17)

Thus, the high-temperature limit of the BAEs (5.14) takes the simple form

uj—ug) =i(2nn;—v), for j=1,2,...,N. (5.18)

HMZ

3
Y (A
a=1

=R

Imposing the constraints ):2:1 A, = 27 for the chemical potentials as well as SU(N) con-
straint Y | u; = 0 we obtain the following set of equations

N
%uj:nj—%, for j=1,....N—1,
iy N=1 v (5.19)
5 J:Zl uj=ny =5
Summing up all equations we obtain the solution for v, which is given by
21 ¥
V= Wznl (5.20)

1

i

The solution for eigenvalues u; reads

iB 1 Y
Ui =— (ni—N;ni) . (5.21)

Notice that, the tracelessness condition is automatically satisfied in this case.

To proceed further, we need to provide an estimate on the value of the constants n;.
Whenever any two integers are equal n; = nj, we find that the off-diagonal vector multiplet
contribution to the index, which is an elliptic generalization of the Vandermonde determinant,
vanishes. Moreover, the high-temperature expansion (A.14) breaks down as subleading terms
start blowing up. Hence, we should make another ansatz for the phases n; such that

ni—l’lj#o mod N. (5.22)
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To understand how much freedom we have, let us first note that eigenvalues u; are variables
defined on the torus 72 and thus they should be periodic in 8. Due to (5.21), this means that
integers n; are defined modulo N and hence, without loss of generality, we can consider only
integers lying in the domain [1, N] with the condition (5.22) modified to n; # n;,V i, j. This
leaves us with the only choice n; = i and its permutations.

Substituting (5.21) and (5.20) into the twisted superpotential (5.16), we obtain

2 3 2
W (Aa) = =iV ({ui}, Aa) g = (Nﬁ—_l) Z] F(Ag) = WT[;UAIAZAa, (5.23)
a=
up to terms & (f3).

There is an interesting relation between the “on-shell” twisted superpotential (5.23)
and the central charge of the UV four-dimensional theory. Note that, given the constraint
22:1 A, = 2x, the quantities A, can be used to parameterize the most general R-symmetry
of the theory

3
R,

R(A) =Y Au-t, (5.24)
“ a;l “on

where R, gives charge 2 to @, and zero to ¢, with b # a. Observe also that the cubic

R-symmetry ’t Hooft anomaly is given by

TrR (A,) = (N* = 1)

3 3 2
A 3(N“—1
1+) (—7: —1) ] = 3V -1) p )A1A2A3, (5.25)
a=1

where the trace is taken over the fermions of the theory. Therefore, the “on-shell” value of
the twisted superpotential (5.23) can be rewritten as
3 3
—~ T 167
W (Ag) = == TrR (Ag) = —— o
( a) 6B r ( Ll) 27ﬁ a
where in the second equality we used the relation (1.79). Notice that the linear R-symmetry
't Hooft anomaly is zero for .#" =4 SYM.

(Aq) s (5.26)

5.2.2 The topologically twisted index at high temperature

We are interested in the high-temperature limit of the logarithm of the partition function
(5.10). We shall use the asymptotic expansions (A.11) and (A.14) in order to calculate the
vector and hypermultiplet contributions to the twisted index in the f — O limit.
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The contribution of the off-diagonal vector multiplets can be computed as

N |6 (%;q) 1 iN(N—1)r
j —_— e — / PR— . _—,_——
logg W = B #Z;F (I/tl MJ) > s (527)

logHH :_éii [(na = 1) F' (i —uj + Aq)

i#ja=l (5.28)

+M;(l—na), as B —0.

The prefactor o7 in the partition function (5.5) at high temperature contributes
71'2 3 .
3T Y (na—1)F'(Ad)

3 (N=1)(1-n4) N—1
2(N—1) _

log{ al;[ [91 ya’ )] }_ B a—1
ir 3

—(N-1) [log (2% — g Z (1 —na)]

a=1
(5.29)
The last term to work out is —logdetB. The matrix B, imposing e’®i = 1, reads
d(By,...,B
p— 2B By ., as B—0, (5.30)
8(u1,...,uN_1,v)
and has the following entries
8Bk 2
N6 for k,j=1,2,...,.N—1
8uj ﬁ kj or rJ bd) ) )
JdB 27i JdB
ION _ Ry POk for k=1,2,... N—1, (5.31)
8uk B dv
OBy )
ov

Here, we have already imposed the constraint 22:1 A, = 27. Therefore, we obtain

—logdetB=(N—1) {log (2%) - %} —NlogN. (5.32)
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Putting everything together we can write the high-temperature limit of the twisted index, at
finite N,

N
1ogz:—%2 F'(ui—uj)+ ) (ng— D) F' (j —uj+Ag)
N ’f’ X ! (5.33)
_ lg_ %+Z(na—1)F’(Aa) — NlogN,
a=1

up to exponentially suppressed corrections. We may then evaluate the index by substituting
the pole configurations (5.21) back into the functional (5.33) to get,

NZ—1
B

N?—1
= — AgApne — NlogN
Zﬁ a<b
(#c)

logZ = — —NlogN

EZ 3
-§-+-2:(na——l)F”(Aa)
a=1

(5.34)

which, to leading order in 1/f3, can be rewritten in a more intriguing form:

IV (Ad)
oA (5.35)

a

3
logZ = — Zna
a=1

We can relate the index to the trial left-moving central charge of the two-dimensional
N = (0,2) theory on T2. The latter reads [40, 41]

c=cr—k, (5.36)

where k is the gravitational anomaly

k=Trp = (N*—1)

3
1—|—Z(na—1)] =0, (5.37)
a=1

and ¢, is the trial right-moving central charge

3 (NZ— 1) (5.38)
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Here, the trace is taken over the fermions and 73 is the chirality operator in two dimensions.
In the twisted compactification, each of the chiral fields ¢, give rise to two-dimensional
fermions. The difference between the number of fermions of opposite chiralities is n, — 1,
thus explaining the above formulae. We used A, /7 to parameterize the trial R-symmetry.
We find that the index is given by

n? 1673 & da(A,)
In (5.39)

logZ = ——c,(Ag,ny) = — n

0og 6[3Cr( as a) 27[3 agl a
As shown in [40, 41], the exact central charge of the two-dimensional CFT is obtained by
extremizing c,(A,4,n,) with respect to the A,. Given the above relation (5.39), we see that
this is equivalent to extremizing the logZ at high temperature. As a function of Ay  the trial

central charge ¢,(A,,n,) is extremized for

Ay 2n4(ng—1)

- e a=1,2, (5.40)
where we defined the quantity
O =1} +n3+ni—2(nmy+nynz +non3). (5.41)
At the critical point the function takes the value
cr(ng) = —12(N? — 1)““;)2“3 . (5.42)

5.2.3 Towards quantum black hole entropy

As we discussed in chapter 1, a four-dimensional black hole asymptotic to a curved domain
wall can be regarded as a Kaluza-Klein compactification of a black string in AdSs. The
AdS3 near-horizon region is dual to the Ramond sector of the (0,2) SCFT which lives on the
dimensionally reduced D3 worldvolume. The equivariant elliptic genus of the 4D black hole

Zpu = Zcrr as a Ramond sector trace reads?

Zgu(va,q) = Tr(—1) g [Tyl (5.43)
a

2We give the fermions periodic boundary conditions.
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The microcanonical density of states (up to exponentially suppressed contributions) is then
given by (1.57):3

i [d d3Aa
dmicro(Na,q0) = W/%/ (277:)3 ZA ) 6ﬁ Aa’nu)JrﬁqO (5.44)

Without loss of generality we assume that ny < 0 and go < 0. We first perform the integral
over Az. The integral over A, diverges for real values. This can be avoided by rotating the
integration contour to 0+ /R. The integral (5.44) is now Gaussian on Ay », leading to

dmicro(“m‘]O) = 2 ZNN(N /dﬁe 6ﬁcr e +quﬁ (5.45)

The integral over f3 is of Bessel type and it gives

T mer(ng) 2
dmicro(Na,q0) = NV 1)V (5 SCardy) b (Scardy) » (5.46)
where
SCardy = 270 —%. (5.47)

Eq. (5.46) captures all power-law and logarithmic corrections to the leading Bekenstein-
Hawking entropy exactly to all orders. Iy(z) is the standard modified Bessel function of the
first kind and has the following integral representation:

1 /z\Vv

E+ico 2
L(z2) = — (—) / dte 5V for  Re(v)>0,e>0. (5.48)

Furthermore, the asymptotics of I (z) for large Re(Vv) is given by

¢t (p=1)  (u-DE-3) (@E-1)E-3*) (-5
IV(Z)N\/Q_M{I_ 82 287 31(82)3 » 549)

where i1 = 4v2. The exponential term gives the Cardy formula and Scardy can be identified
with the Bekenstein-Hawking entropy of the 4D black hole.

Let us note that we find strong similarities between the result of this section and those
for asymptotically flat black holes in ungauged supergravity. In particular, the quantum
entropy [182, 183] of BPS black holes in .#” = 2 supergravity coupled to vector multiplets

3The precise choice of B contour is not important if we only concern ourselves with the asymptotic expansion
of the f3 integral for ¢,(n,)|qo| — +o°.
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and hypermultiplets is schematically of the form [184]

g(n) (SCardy)_vIv (SCardy) . (5.50)

The prefactor &'(n) only depends on the magnetic charges n and not on the electric charges
g. This is indeed the first term in the Rademacher expansion, which is an exact formula
for the Fourier coefficients dyjcro 0of modular forms. The higher terms in the expansion are
exponentially suppressed with respect to the terms in (5.50) and thus are nonperturbative.
It would be interesting to find the Rademacher expansion of the twisted index (5.10) and

compare it with (5.46).

5.3 The Klebanov-Witten theory

In this section we study the Klebanov-Witten theory [185] describing the low energy
dynamics of N D3-branes at the conifold singularity. This is the Calabi-Yau cone over
the homogeneous Sasaki-Einstein five-manifold 7! which can be described as the coset
SU(2) x SU(2)/U(1). This theory has .4 = 1 supersymmetry and has SU(N) x SU(N)
gauge group with bi-fundamental chiral multiplets A; and B;, i, j = 1,2, transforming in the

(N,N) and (N, N ) representations of the two gauge groups. This can be pictured as

A;
@@ (5.51)

w :Tr(AlBlAsz—AleAzB]) . (5.52)

It has a quartic superpotential,

We assign chemical potentials A; » € (0,27) to A; and A3 4 € (0,27) to B;. Invariance of the

superpotential under the global symmetries requires

4 4
Y Are2nz, Y =2 (5.53)
I=1 =1

For the Klebanov-Witten theory, the topologically twisted index can be written as

1 dw dw

Z - ‘Nwzg\l:lmiwzg\,:l{ﬁix
(N1)? ey 7 2w 2w

/=
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X . Xi.
X/ Ai_f;?lr); 2(71'2)6 n(q)4(N_1)II_VI 91i<xj’q> 91.<ij’q>
| 27 | (@ in(q)
m—m;—ng+1 mj—m;—ny+1
N H i
i,j=la=1.2 61 (i—j_ya,q> b=34 91 (x_iybaCI>

Here, we assumed that eigenvalues x; and X; satisfy the SU(N) constraint H 1 Xi = Hﬁvzl Xi=
1. Hence, the integration is performed over (N — 1) variables instead of N. In order to impose

the SU(N) constraints for the magnetic fluxes, i.e.
N N

we have introduced two Lagrange multipliers w = ¢”” and w = e’”. Now, we can resum over
gauge magnetic fluxes m; <M — 1 and m; > 1 — M for some large positive integer cut-off M.
We obtain

S| dw dw / - dy; dE IJ_VI 61 (%;CI> 61 (%’.;q) .
(NN )z 2miw 2miw 27rlx 2Wix; in(q) in(q)
S (5.56)
(ezB )M N (eiBj)M
X@HezB,_ln lBj_l’
where we defined the quantities
v 1—n, 1—ny
_ i i
2= "] T1I % I1 & . (557
j=1a=12 91(’ya;q> b=34 91( yb'q)
and
N [lp—3461 (&)’bﬂo — N TIp—=3461 (&yb;Q)
H i , elBj — W*l H Xi . (558)

=1 Tla=1261 (%MW) i=1ls=1261 <%Ya24>
Then, similarly to the case of .4~ =4 SYM, the following BAEs

eBi— 1 eBi— 1. (5.59)
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determine the poles of the integrand. In order to calculate the index we simply insert a
Jacobian of the transformation from {logx;,log;,logw,logw} to {eiBi,eigi} variables and
evaluate everything else at the solutions to BAEs. In the final expression, the dependence on
the cut-off M disappears. We can then write the partition function as,

- ¥ deltIBll_VI 01 (%Q) 0 (f—’](Z) 2, (5.60)

IBAEs | i@ in(q)

where B is a 2N x 2N matrix

B By B iB
8(e’ L...,ePN elP1 el N)

B = — - — .
d (logxy,...,logxy_1,logw,logxy,...,logxy_1,logw)

(5.61)

5.3.1 Twisted superpotential at high temperature

Let us now look at the twisted superpotential at high temperature, i.e. B — 0 limit. Taking
the logarithm of the BAEs (5.59) we obtain

N N
. Xi Xj

0 = —2min; +logw — Z { Z log {91 (j)’aﬂ)] - Z log {91 (x—].yb;Q>] } )
j b=3.4 i

j=1 La=12 =3,

N -
. ~ Xi Xj
0= —2miiij —logw — Z‘T{ lezlog {91 (j—jya;qﬂ —b 34log {91 (;i%;q)] } )
1= a=l1, =9,

where n;,7i; are integers that parameterize the angular ambiguities. In order to compute the
high-temperature limit of the above BAEs, we go to the variables u;,ii;,A;,v,V, defined

modulo 27, and employ the asymptotic expansions (A.11) and (A.14). We find

Z F,(M,'—ﬂj—}-Aa)— Z F'(ﬁj—uH—Ab) ,
=12 b=34 ] (5.63)
F'up—iij+A4d)— Y, F'(ij—ui+4p)|
a=12 b=3.4

0= —2xmin; +iv+

1
B :

=| =
M= 1=

0= —27ifi; — iv+

N
I
—_
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where the polynomial function F’(u) is defined in (5.15). The BAEs (5.63) can be obtained

as critical points of the twisted superpotential

'MZ
M=

77({%-, IZ,'},A[) =2r (l’l,'u,' — ﬁ,’fti) — (V u; + \711,')

1 i

i 1

(5.64)

Mz

Y Flui—ij+Ad)+ Y, F(ij—ui+A4p)
ﬁ i,j=1 [a=12 b=34

We next turn to find solutions to the BAEs (5.63). The constraints (5.53) imply that
Y.7_, Ar can only be 0,27, 47,67 or 87. For the conifold theory, it turns out that the solutions
with Y'7_, A; = 0,87 lead to a singular index, those for 277 and 67 are related by a discrete
symmetry of the index, i.e. yy — 1/y; (A; — 27 — Ay), and there are no consistent solutions
for Z, 1Ar = 4n. Thus, without loss of generality, we assume again Z, 1A =27 in the
following.

The solution for } ;A; =27. We assume that

0<Re(ﬁj—u,‘)+A374<27r, —27I<Re(ﬁj—u,~)—A172<0, vV oij.
(5.65)
Hence, the BAEs (5.63) become

N
0= —2min; +iv— 1 Y [A14y — AsAy — 2w (i — uj) |

B =

| N (5.66)
0= —Zﬂiﬁk—iﬁ— [_3 Z [AlAz—A3A4—27C (uk—u])} .

~.
Il
_

Here, we have already imposed the constraint Z;‘:] A; =2x. Imposing the SU(N) constraints
for u;, i1; we can rewrite the BAEs in the following form

IN % IN

Fu,-:n, +ﬁ(A3A4—A1A2) for j=1,....N—1, (5.67a)
iN =l v N
—— Y uj=ny-— +—(A3A4—A1A2) (5.67b)
B j:l 27
v IN
=i —— — A3Ag— AL A fi i=1,...N—1 .
nj o o B( 344 1 2) or jJ 5 aN 5 (5 67C)

ﬁ
iN N 5N
5 Za —— N—%—zln—ﬁ(A;;Aa,—AlAz) (5.67d)
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Equations (5.67a) and (5.67c) can be considered as equations defining u; and #;. In order to
find v and 7V we need to sum (N — 1) equations (5.67a) with (5.67b) and equations (5.67¢)
with (5.67d). This leads to

iN 27 ¥ i Ly
R A B (”"_N;m)’
N o ¥ B Iy -
v:_F(A3A4—A1A2)—Wj:1nj7 ujzﬁ<n]_ﬁlzzlnz> .

According to our prescription, all solutions which lead to zeros of the off-diagonal vector
multiplets should be avoided. Therefore, the allowed parameter space for integers n; and 7;

is determined by
nj—nﬁéO mod N, ﬁj—fli%o mod N. (569)

Given the solution (5.68) to the BAE:s, the integers n; and 7i; are defined modulo N due to the
B-periodicity of eigenvalues on 72. Thus we are left with {n;,7i;} € [1,N]. The only possible
choice is then given by n; = 7i; = i and its permutations.

Finally, plugging the solution (5.68) to the BAEs back into (5.64), we obtain the “on-
shell" value of the twisted superpotential

— N2

W (Ar) Y, AdA, (5.70)

ZB a<b<c

up to terms &(f). The relation between the “on-shell” twisted superpotential and the
four-dimensional conformal anomaly coefficients also holds for the conifold theory. The

R-symmetry ’t Hooft anomalies can be expressed as

4
A
TrR(A;) =2(N*—1)+N* ) (EI_ 1) =2,
=1
A 32 (5.71)
;_l) :? Z AaAbAC_Q’?

a<b<c

TrR® (A)) =2 (N* — 1) + N? 24: (
I=1

where we used A;/7 to parameterize the trial R-symmetry of the theory. Hence, Eq. (5.70)
can be rewritten as
— 7[3 167'[3

W (A = ] [TrR? (A1) — TrR(4))] = 7p [3¢(Ar) —2a(4y))] . (5.72)
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Here, we employed Eq. (1.79) to write the second equality.

5.3.2 The topologically twisted index at high temperature

The twisted index, at high temperature, can be computed by evaluating the contribution of

the saddle-point configurations to (5.60). The procedure for computing the index is very

similar to that presented in section 5.2.2. The off-diagonal vector multiplet contributes

1ogﬁ ) (%;q) 0, (%4) :—li[F/(Mi—uj)+F/(ﬁi—ﬁj)}—iN(N—1)7r.

(5.73)

i£] in(q) in(q) B i)
The quantity &, Eq. (5.57), contributes
1 (272 Al , N
log? =—=q——WN-1)+Y Y (—10)F[£(ui—ijtA)]
ﬁ 3 i,j=11=12:+
1=34:—
iN°m B
1— —2(N—-1)1 —
Y (1) =28 1) 1og 57
The Jacobian (5.61) has the following entries
dB OB, 2mi
ko OOk NG, for kj=1,2,... N—1, (5.75a)

du;  da; P
aBN - BEN - 27 8Bk - aﬁk -

N TN T =" =1 f k=12.... N—1 5.75b
duy dii B’ dv v ot L ’ ( )
OBy OBy 0B, 0B, 0B, 0B, ,

95N _ 958 4 =0k Tk _ 97k . for k,j=1.....N. (5.5

v ov 0 9@ ou; 9 av o on BIT b (5.75¢)

Now, it is straightforward to find the determinant of the matrix B:

—logdetB=2(N—1) {log <2%) — %} —2NlogN + miN . (5.76)

(5.74)
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The high-temperature limit of the index, at finite N, may then be written as

N 2
logZ = —%{Z [F' (ui—u;) + F' (@ — ;)] +2%(N—1)

i#J
N (5.77)
+Y ) (m—0)F [+ (ui—ad;j+4)] } —2NlogN+mi(N+1).
ij=11=12:+
1=3,4:—
Plugging the solution (5.68) to the BAEs back into the index (5.77) we find
27 2
logZ:— 2% ;}A aAphe + —— 3B —2NlogN+mi(N+1). (5.78)
(#c)
As in the case of .4 =4 SYM we can also write, to leading order in 1/f3,
2 3 4
T 167 da(Ap)
logZ = ——c¢; (A =— 5.79
og 6[3€l( 1,1) 278 1:1n1 EY PR (5.79)

where the second equality is written assuming that N is large. Here, ¢; is the left-moving
central charge of the two-dimensional .4~ = (0,2) SCFT obtained by the twisted compactifi-
cation on S2. This is related to the trial right-moving central charge c, by the gravitational
anomaly, i.e. c; = ¢, — k. The central charge ¢, takes contribution from the 2D massless
fermions, the gauginos and the zero modes of the chiral fields (the difference between the

number of modes of opposite chirality being n; — 1) [40, 41, 43],

2
¢ (Ar,ng) =3TriR* (A) =3 [2(N N2Z ny—1) (ﬁ—l)] (5.80)

while the gravitational anomaly k reads

4
k=Trp=2(N>—1)+N*Y (n,—1)=-2. (5.81)
=1
The extremization of ¢, (A7, n;) with respect to the A; reproduces the exact central
charge of the two-dimensional CFT [40, 41]. Notice that all the non-anomalous symmetries,
including the baryonic one, enter in the formula (5.80), which depends on three independent
fluxes and three independent fugacities. As pointed out in [43], the inclusion of baryonic

charges is crucial when performing c-extremization.
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For later convenience we introduce the following combinations of parameters

4
r=2y {n%(n,—l)—%‘ﬁ”“} , =Y nan2. (5.82)
=1 a<b
(o)

The trial central charge c, as a function of Ay » 3 is extremized at

A1 4
A (a3 oMMy 2] 1=1,2,3. (5.83)
2t ¥ ny =

At the critical point the function takes the value

N2IT 1
cr(ng) = —12 (T + 5) . (5.84)

Let us note that in the saddle-point approximation we can write the density of states dpicro as

5/2
. . T T cl(m)
dmlcro(nlaQO) = N2N+3\/ﬁ (ESCardy) IS/Z(SCardy)7 (5.85)
where
SCardy =2z _—Cl(n61)(]0 . (5.86)

5.4 High-temperature limit of a generic theory

We can easily generalize the previous discussion to the case of general four-dimensional
A =1 SCFTs. Our goal is to compute the partition function of .4~ = 1 gauge theories on
S? x T? with a partial topological A-twist along S2. We identify, as before, the modulus of the
torus with the fictitious inverse temperature 3, and we are interested in the high-temperature
limit (8 — 0) of the index. As we take f3 to zero, we can use the asymptotic expansions
(A.11) and (A.14) for the elliptic functions appearing in the supersymmetric path integral

(1.65). We focus on quiver gauge theories with bi-fundamental and adjoint chiral multiplets
(a)

and a number |G| of SU(N)(@ gauge groups. Eigenvalues u; ~ and gauge magnetic fluxes

ml@ have to satisfy the tracelessness condition, i.e.

N
W =0, Y m@=o. (5.87)

i=1 i=1
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The magnetic fluxes and the chemical potentials for the global symmetries of the theory
fulfill the constraints (1.55) and (1.56). We also assume that 0 < A; < 2.
As in the previous examples, the solution to the BAEs is given by

=0B), VY ia, (5.88)

and exists (up to discrete symmetries) only for } ;e A; = 27, for each monomial term W in
the superpotential, as we checked in many examples. Due to this constraint, A; /7 behaves at
all effects like a trial R-symmetry of the theory.

5.4.1 Twisted superpotential at high temperature

The general rules for constructing the high-temperature “on-shell" twisted superpotential,
ie. W({ufa)},AI) }B Aps» Of 47 = 1 quiver gauge theories to leading order in 1/f are:

1. A bi-fundamental field with chemical potential A, ;) transforming in the (N,N) repre-
sentation of SU(N), x SU(N);, contributes
iN?

D F (Ap) s 5.89
B ( ( JJ)) ( )

where the function F' is defined in (5.15).

2. An adjoint field with chemical potential A, ;) contributes

a,a

i(N*—1)

F(Au) - 5.90
B ((7)) ( )

5.4.2 The topologically twisted index at high temperature

Using the dominant solution (5.88) to the BAEs we can proceed to compute the topologi-
cally twisted index. Here are the rules for constructing the logarithm of the index at high

temperature to leading order in 1/f:

1. For each group a, the contribution of the off-diagonal vector multiplet is

(v 1) 2
U

5.91
B (5.91)
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2. A bi-fundamental field with magnetic flux n(, ;) and chemical potential A, ;) trans-
forming in the (N, N) representation of SU(N), x SU(N),, contributes

N2
— F (n(mb) — 1) F/ (A(a,b)) . (592)

3. An adjoint field with magnetic flux n, ) and chemical potential A, 4), contributes

N2 —1
B

(Maa) = 1) F' (Aga) - (5.93)

5.4.3 An index theorem for the twisted matrix model

The high-temperature behavior of the index, to leading order in 1/ and N, can be captured
by a simple universal formula involving the twisted superpotential and its derivatives. Let us
recall some of the essential ingredients that we need in the following.

The R-symmetry ’t Hooft anomaly of UV four-dimensional .4/~ = 1 SCFTs is given by

A [0
TrR*(A;) = |G| dim SU(N) + ) dim %, (EI - 1) : (5.94)
1

where the trace is taken over all the bi-fundamental fermions and gauginos and dim Ry is the
dimension of the respective matter representation with R-charge A;/7. On the other hand,
the trial right-moving central charge of the IR two-dimensional .4" = (0,2) SCFT on T?
can be computed from the spectrum of massless fermions [40, 41, 43]. These are gauginos
with chirality 3 = 1 for all the gauge groups and fermionic zero modes for each chiral field,
with a difference between the number of fermions of opposite chiralities equal to n; — 1. The
central charge is related by the .4 = 2 superconformal algebra to the R-symmetry anomaly
[40, 41], and is given by

A 2
cr(Ar,ng) =3TrpR% (Ar) =3 | |G| dim SU(N) +Z dim Ry (n;—1) (EI - 1)
1

(5.95)
By an explicit calculation we see that Eq. (5.95) can be rewritten as
AP\ OTrR? (A))
_ 3 1 1
Cr(A],l’l]) =3TrR (A[)‘f—ﬂ; [(m—¥> 8—A,} R (596)
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where we used the relation (5.94).* Moreover, the trial left-moving central charge of the
two-dimensional .#" = (0,2) theory reads

c=c—k, (5.97)
where k is the gravitational anomaly and is given by

k=Try; = |G| dim SU(N)+ ) dim R;(n;— 1) . (5.98)
1

For theories of D3-branes with an AdS dual, to leading order in &V, the linear R-symmetry
"t Hooft anomaly of the four-dimensional theory vanishes, i.e. TrR = ¢'(1) and a = ¢ [75].

Using the parameterization of a trial R-symmetry in terms of A; /7, this is equivalent to

|G|+ (A —m) =0, (5.99)
1

where the sum is taken over all matter fields (bi-fundamental and adjoint) in the quiver.
Similarly, we have
G| +) (ny—1)=0. (5.100)
1

This is simply k = Trys = (1), to leading order in N.
The index theorem can be expressed as:

Theorem 2. The topologically twisted index of any 4 = 1 SU(N) quiver gauge theory
placed on §? x T? to leading order in 1/ is given by
2

logZ (Ar,ny) = ~¢g (Ar,ny) , (5.101)

which is Cardy’s universal formula for the asymptotic density of states in a CFT, [186]. We

can write the extremal value of the twisted superpotential # (Ar) as

[TrR (A1) — TrR(A))] = 16m° [3¢(Ar) —2a(Ap)] .

- 27B
(5.102)

- N 3
W (A = —iW({uga)}7A1)|BAES - g_[}

“Notice that, in evaluating the right hand side of (5.96), we can consider all the A; as independent variables
and impose the constraints ) ;o A; = 27 only after differentiation. This is due to the form of the differential
operator in (5.96) and the constraints } ;o 7 = 2.
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For theories of D3-branes at large N, the index can be recast as

3~ oW (A 2
082 (41) = =27 (4) -7 [(m _ ;) agl >] — o). (5103
where %AI) reads
. 3
W (4)) = 12677; a(Ay). (5.104)

Proof. Observe first that again we can consider all the A7 in (5.103) as independent variables
and impose the constraints ) ;cy A7 = 27 only after differentiation. This is due to the form
of the differential operator in (5.103) and ) ;c n; = 2. To prove the first equality in (5.103),
we promote the explicit factors of 7, appearing in (5.89) and (5.90), to a formal variable x.
Notice that the “on-shell” twisted superpotential V/Z(AI, ), at large N, is a homogeneous
function of A; and 7, i.e.

W (AALAT) = A3 W (AL T). (5.105)
Hence, - -
aW(A],ﬂ.') . l —~ 87/(A1)
= 3W (A —ZI:A, 5| (5.106)

Now, we consider a generic quiver gauge theory with matters in bi-fundamental and adjoint
representations of the gauge group. They contribute to the twisted superpotential % (A;, )
as written in (5.89) and (5.90), respectively. Let us calculate the derivative of # (A, ) with

respect to Ay:

2
o ( A” IV ALT) _ —%an F'(4). (5.107)
1

— Z n———2-
Next, we take the derivative of the twisted superpotential with respect to 7:

87/ (A,

—Z e D) ZF' A) — Z<___ ,) . (5.108)

Using (5.106) and combining (5.107) with the first term of (5.108) as in the right hand side
of (5.103), we obtain the contribution of matter fields (5.92) and (5.93) to the index. The
contribution of the second term in (5.108) to (5.103) can be written as

N*rm N? m?

- —= (Jr—AI)————|G| (5.109)

B3 ; B3
where we used the constraint (5.99). This is precisely the contribution of the off-diagonal
vector multiplets (5.91) to the index at large N.
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Parameterizing the trial R-symmetry in terms of A; /7, we can prove (5.102):

W (Ar) = [32 dim 9y F (A7) = Z dim 93 [(A,— )} — 2 (A,—n)]
3
=68 [Z dim R, (%—1) —; dim R, (%—1)] (5.110)
3

=6p [TrR? (A1) — TrR(4))]
which at large N, due to (5.99), is equal to (5.104).

Finally, we need to show that the high-temperature limit of the index is given by the
Cardy formula (5.101). Bi-fundamental and adjoint fields contribute to the index according
to (5.92) and (5.93), respectively. We thus have

2
logZ (A7, 1) = —% 216 dim SUN) + Y dim 9 (n— 1) F' (4)
1
_r 2/G| dim SUN) + Y dim 9%, (n;—1) |3 (2L —1 *
6[3 im ; im R; (ng -
71'2 2
=68 [er (Ar,ny) = Try] = “6p° (Arny)

(5.111)
where we used (5.95) and (5.97) in the third and the fourth equality, respectively. For quiver
gauge theories fulfilling the constraint (5.100) the above formula reduces to the second
equality in (5.103) at large N. This completes the proof. [l

It is worth stressing that, when using formula (5.103), the linear relations among the A;
can be imposed after differentiation. It is always possible, ignoring some linear relations,
to parameterize V/Z(AI) such that it becomes a homogeneous function of degree 3 in the
chemical potentials A; [187]. With this parameterization the index theorem becomes

oW (A
logZ (Ar,ny) ==Y wy (4) -

1 Yy (5.112)

As we have seen, this is indeed the case for .4 =4 SYM and the Klebanov-Witten theory.
We note that our result is very similar to that obtained for the large N limit of the topologically
twisted index of three-dimensional .4 > 2 Yang-Mills-Chern-Simons-matter theories placed
on S? x S'.






Chapter 6

An extremization principle for the
entropy of BPS black holes in AdSs

6.1 Introduction

As we have shown in the previous chapters, the entropy of a class of dyonic BPS black
holes in AdS, with magnetic and electric charges (n;,¢;) can be obtained as the Legendre
transform of the topologically twisted index Z(n;, A;), which is a function of magnetic fluxes

n; and chemical potentials A; for the global symmetries of the dual field theory:
Seu(ni,qi) = logZ(n;, A;) =iy qiA;. (6.1)
i

Here A; is the extremum of .#(A;) = logZ(n;,A;) —iY,;¢;A;. This procedure dubbed
¥ —extremization as we explained in details in section 1.7.

It is natural to ask what would be the analogous of this construction in five dimensions.
In this chapter, we humbly look at the gravity side of the story and try to understand
what kind of extremization can reproduce the entropy of the supersymmetric rotating black
holes. Unfortunately, the details of the attractor mechanism for rotating black holes in five-
dimensional gauged supergravity are not known but we can nevertheless find an extremization
principle for the entropy. The final result is quite surprising and intriguing.

We consider the class of supersymmetric rotating black holes found and studied in [88—
92]. They are asymptotic to AdSs x S° and depend on three electric charges Q7 (I = 1,2,3),
associated with rotations in §°, and two angular momenta Jo,Jy in AdSs. Supersymmetry
actually requires a constraint among the charges and only four of them are independent.
We show that the Bekenstein-Hawking entropy of the black holes can be obtained as the



140 An extremization principle for the entropy of BPS black holes in AdSs

Legendre transform of the quantity!

— _mNZM
01 @

E ) (6.2)
where A; are chemical potentials conjugated to the electric charges Oy and @; > chemical
potentials conjugated to the angular momenta Jy,Jy,. The constraint among charges is

reflected in the following constraint among chemical potentials,
A+A+A3+0+wy=1. (6.3)

To further motivate the result (6.2) we shall consider the case of equal angular momenta
Jy = Jy. In this limit, the black hole has an enhanced SU(2) x U(1) isometry and it can
be reduced along the U(1) to a static dyonic black hole in four dimensions. We show that,
upon dimensional reduction, the extremization problem based on (6.2) coincides with the
attractor mechanism in four dimensions, which is well understood for static BPS black holes
[31-33, 35, 36, 71].

It is curious to observe that the expression (6.2) is formally identical to the supersymmetric
Casimir energy for .#” =4 SYM, as derived, for example, in [100] and reviewed in appendix
D. It appears in the relation Z 4 _, = e 1 between the partition function Z _4 on S° x §!
and the superconformal index /. Both the partition function and the superconformal index
are functions of a set of chemical potentials A; (I = 1,2,3) and @; (i = 1,2) associated
with the R-symmetry generators U(1)? € SO(6) and the two angular momenta U(1)? €
SO(4), respectively. Since the symmetries that appear in the game must commute with the
preserved supercharge, the index and the partition function are actually functions of only
four independent chemical potentials, precisely as our quantity E. The constraint among
chemical potentials is usually imposed as 2;21 A+ 21'2:1 w; = 0. Since chemical potentials
in our notations are periodic of period 1, our constraint (6.3) reflects a different choice for
the angular ambiguities. We comment about the interpretation of this result in the discussion
section, leaving the proper understanding to future work.

The chapter is organized as follows. In section 6.2 we give a short overview of .4~ =2
D =5 FI gauged supergravity. In section 6.3 we review the basic features of the BPS rotating
black holes of interest. In section 6.4, we show that the Bekenstein-Hawking entropy of the
black hole can be obtained as the Legendre transform of the quantity (6.2). In section 6.5,
we perform the dimensional reduction of the black holes with equal angular momenta down

'Notice that one can write the very same entropy as the result of a different extremization in the context of
the Sen’s entropy functional [188, 189]. The two extremizations are over different quantities and use different
charges.
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to four dimensions and we prove that the extremization of (6.2) is equivalent to the attractor
mechanism for four-dimensional static BPS black holes in gauged supergravity. We conclude

in section 6.6 with discussions.

6.2 4 =2,D =5 gauged supergravity

The theory we shall be considering, following the conventions of [190], is the five-dimensional
A" =2 FI gauged supergravity coupled to ny vector multiplets. It is based on a homogeneous
real cubic polynomial

V(L) = éCUKLILJLK, (6.4)

where I,J,K = 1,...,ny and Cjjk 1s a fully symmetric third-rank tensor appearing in the
Chern-Simons term. Here, L/ (") are real scalars satisfying the constraint 7' = 1. The action
for the bosonic sector reads [191, 192]
) 1) 1 I ;g 1 I J
S©W = —RY %51 — =GpydL' ANxsdL’ — =G F* A*5F
R4 |2 2 2
! (6.5)
— EC]}KFIAFJAAK+%2V*S 1{,
where R®) is the Ricci scalar, F!/ = dA! is the Maxwell field strength, and Gj; can be written
in terms of ¥/,

1
G[] = —58181105;”1/!7/:1 . (6.6)

We also set 8717G1(\? ) — 1. Furthermore, it is convenient to define

1
L= EC”KLJLK. (6.7)
Therefore, we find that
Gy = ELILJ - ECIJKL , L'Li=1, (6.8)
and 5 3
L= gG]JL‘I, L= EGULJ, (6.9)

where GixGX/ = §!. The inverse of Gy, is given by

GY =21l —6CK g, (6.10)
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where C!’X = C;;x. We then have

9
L= Ec”KL,LK. 6.11)

The metric on the scalar manifold is defined by
gij = oL'oiL' Gy, _, (6.12)
and the scalar potential reads
V(L) =VV; (6L’Lf - gg"fa,-L’ o;L’ ) : (6.13)
Here, V; are FI constants which are related to the vacuum value L; of the scalars L;,
L=¢"'v, (6.14)

where &3 = %CIJK‘/[V_]VK and the AdSs radius of curvature is given by g~! = (5%)_1. A

useful relation of very special geometry is,
. 2
g'oL'o;L’ = G — §L1LJ : (6.15)

Thus,
1
V(L) =9V;V; (L’LJ — EG” ) . (6.16)

6.3 Supersymmetric AdSs black holes in U(1)? gauged su-
pergravity

In this section we will briefly review a class of supersymmetric, asymptotically AdS, black
holes [88, 89, 91, 90, 92] of D = 5 U(1)? gauged supergravity [191, 192]. They can be
embedded in type IIB supergravity as an asymptotically AdSs x S° solution which is exactly
the decoupling limit of the rotating D3-brane [193]. When lifted to type IIB supergravity
they preserve only two real supercharges [194]. They are characterized by their mass, three
electric charges and two angular momenta with a constraint, and are holographically dual to
1/16 BPS states of .# =4 SU(N) SYM on S> x R at large N.

We shall primarily be interested in the so-called .4 = 2 gauged STU model (ny = 3).
The only nonvanishing triple intersection numbers are Cy23 = 1 (and cyclic permutations).
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The bosonic sector of the theory comprises three gauge fields which correspond to the Cartan
subalgebra of the SO(6) isometry of S, the metric, and three real scalar fields subject to the
constraint

L'r’r’=1. (6.17)

They take vacuum values L/ = 1. The five-dimensional black hole metric can be written as
[92]

ds? = —(H HyH3) 23 (4t + 0y dy + 0d9) + (H HyHz) /3 hypdidd” . (6.18)

where ) ) 2
VEaE, (1+ - 0 — Z,sin" 0
Hy = 14 YEaE (18] ~ acos” 6= Bysin” 6, (6.19)
g°r
dr?  d6? cos’@
hmndxmdx":rz{AL+A_+—Hz [Ep+c0s?0 (p*g” +2(1 +bg) (a+b)g)] dy”
r 0 :’b
sin 6 _ .2 2.2 2
T[:a—l—sm 6 (p°g"+2(1+ag)(a+b)g)]do
“~a
2sin® 6 cos” 0
2o YO8 ¥ [p2g2+2(a+b)g+(a+b)zgz] dl//dq)},
\:/a\:rb
(6.20)
Ar=r? [g2r2+(1+ag+bg)2} : Ap = Eqc05” 6+ Epsin” 0, 6
6.21)
E,=1-d’g%, 5y =1-0b%g, p? =r*+a’cos’>0+b*sin’ 0,
29 1
oy =532 {P4+(2r,%1+b2)p2+§(ﬁz—a2b2+g2(02—’92))1’
.Hb (6.22)
gSln29 4 2 n 2,1 212 —2( 2 32
A L + (2r,+a”) p +§(ﬂ2—ab —g (" =b7))],
—a
and

r2 =g Ya+b)+ab,
2/E5 (1 — VB, 3(1—VEE,
- (2 . )(H1+.U2+I~l3)+ ( — ) :
8 g
(6.23)

The gauge coupling constant g is fixed in terms of the AdSs radius of curvature, g = 1//.

B2 = E.Ep (1o + My M3 + Hoi3) —

The coordinates are (¢,r,0, ¢, y) where r > 0 corresponds to the exterior of the black hole,
0<06<m/2and 0 < ¢,y <2m. The scalars read

(HHyH3)'/?

L'=
H

(6.24)
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while the gauge potentials are given by
Al =H; ! (dt + oy dy + 05d¢) + Uy, dy + Ujde (6.25)
where )
cos” 0 ——— ——
Ué:gv—b[pz—eri—}—bz V EdEpr 8 ( aabﬂ,

2
sin“ 6
up =827 [p 122 4 d BBt g ( ::)]

The black hole is labeled by five parameters: U 3,a,b where g ' >a, b>0. Only four

(6.26)

parameters are independent due to the constraint

Wy i+ 3 = [21*,%1 +3g72 (1 _ EaEbﬂ . 6.27)

Furthermore, regularity of the scalars for » > 0 entails that

g > /22120, (6.28)

when a > b. If a < b then the same expression remains valid with a and b interchanged.

6.3.1 The asymptotic AdS5 vacuum

This solution is expressed in the co-rotating frame. The change of coordinates t = ¢, ¢ =
& —gf, y =W — gf, and y> = r* + 2r2 /3 transforms the metric to a static frame at infinity.
In order to bring the metric into a manifestly asymptotically AdSs spacetime (in the global
sense) as y — oo we make the following change of coordinates [92]

EY?sin @ = (y* +a?)sin® 6, EpY?cos? @ = (y* +b*) cos® 6. (6.29)

One gets the line element
2 22, AP o oo 2 o 2
ds? = —gV 24P + s + Y (d@ +5in?©d° + cos? O dy ) (6.30)
8

The black hole has the Einstein universe R x §3 as its conformal boundary. In the asymptoti-
cally static coordinates, the supersymmetric Killing vector field reads

d d d

V=
+ga¢+ga

5 (6.31)
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which is timelike everywhere outside the black hole and is null on the conformal boundary.

6.3.2 Properties of the solution

It is convenient to define the following polynomials,
Y= W+ M+ U3, Y2 = Wiy + U3+ U3, 3= UiMol3 . (6.32)

The black hole carries three U(1)? C SO(6) electric charges in S°> which are given by

T 2 2
or=""75 [“’Jrg?(y _ﬁ)] o for 1=, (039
4Gy, Hi

and two U(1)? C SO(4) angular momenta in AdSs that read

T 3 =
Jy = [%+837’3+g 3(\/%/%—1)/},

46y
T 782, 3 3 = = 6.34)
Here, GS ) is the five-dimensional Newton constant and we defined
: 2
I =[10+8wm). (6.35)
I=1
The mass of the black holes is determined by the BPS condition
M =g|Js|+ gyl +[01] + 02| + 03], (6.36)
which yields
2
T 3g2 VE~VE
M |+ g72+24y+( “HH”)/ . (6.37)
1(\?) 2 SVEE

The solution has a regular event horizon at r, = 0 only for nonzero angular momenta in AdSs.
The angular velocities of the horizon, measured with respect to the azimuthal coordinates y
and ¢ of the asymptotically static frame at infinity, are

Qy=9=2g. (6.38)
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The near-horizon geometry is a fibration of AdS, over a non-homogeneously squashed $°
[195] with area

2n2 =
Area:27r2\/73(1+8271)_ g4}’2 - <\/?\/ELE_)

Positivity of the expression within the square root ensures the absence of closed causal curves

7. (6.39)

near r = 0. The Bekenstein-Hawking entropy of the black hole is proportional to its horizon
area and can be compactly written in terms of the physical charges as [196]

Area U
SBH = — 5= 0102+ 0203+ 0103 — — G (Jo +Jy) - (6.40)
4Gy g GN g
Finally, let
2 = (1+g W)/ EaZp— Ag. (6.41)
The values of the scalar fields at the horizon read
1/3
L'(r) = (212223) _ (6.42)
27

In the next section we will obtain the Bekenstein-Hawking entropy (6.40) of the BPS
black hole from an extremization principle.

6.4 An extremization principle for the entropy

We shall now extremize the quantity (6.2), and show that the extremum precisely reproduces
the entropy of the multi-charge BPS black hole discussed in the previous section.

Let us first introduce some notation that facilitates the comparison with supergravity:
x'= 4y, X =w +w, (6.43)

where I = 1,2,3. We shall also use J* = Jo £y,

7r VE—~VE
J'=— 5 grn+2g° Y3+( = ) PR
4G EaZp

1~05)

N L g (6.44)
Y/ By — Eg

4GI(\?) 83 EaZp

J =
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Thus, we can rewrite the quantity (6.2) as

P 2% X'X°x3
el W) ()’ o

where we used the standard relation between gravitational and QFT parameters in the large
N limit,
n 2
— - N 6.46
243G (6.46)

In the following we set the unit of the AdSs curvature g = 1. The entropy of the BPS black

hole, at leading order, can be obtained by extremizing the quantity?
3
Igra = —E (X2, X" +2mi Y. X" —mi (77X +77X0) (6.47)
I=1
with respect to X/, Xg and subject to the constraint (6.3),
3
x0+Y x'=1. (6.48)
I=1

At this stage, we find it more convenient to work in the basis z% (a = 0,1,2,3) which is
related to (X9,X”) by
0 1 123

2 0 123 <
Xg: s X g s X T = . (6.49)
I+z' +22+2° Tl 2428 1+z'+22+73

Hence, in terms of the variables z* the extremization equations can be written as

02 0y2 i 727 1.2.3 .
() =1] [ =] +==— =222 =0, for i=1,2,3,
z (6.50)

2
A0 —1]" -2 =0,
where we defined the constants

o_ S (Ep—Ea) ; f( ! Eb+50), (6.51)

c = =< —
1+ 2V/EE

8v/E.2p 4

2This is not the only possible choice of signs. There are various sign ambiguities in the superconformal
index literature as well as in the black hole one that should be fixed in a proper comparison between gravity and
field theory.
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With an explicit computation one can check that the value of Fr, (z*) at the critical point

precisely reproduces the entropy of the black hole,

Fsugral oy (V75 Q1) = Spu (J7, Q1) - (6.52)

It is remarkable that the solution to the extremization equations (6.50) is complex; however,
at the saddle-point it becomes a real function of the black hole charges. We conclude that
the extremization of the quantity (6.2) yields exactly the Bekenstein-Hawking entropy of the
1/16 BPS black holes in AdSs x S°.

So far the discussion was completely general. In the next section, we will analyze the
case Jy = Jy, for which the solution to the extremization equations takes a remarkably simple
form.

6.5 Dimensional reduction in the limiting case: J, = Jy,

We gain some important insight by considering the dimensional reduction of the five-
dimensional BPS black holes when the two angular momenta are equal. The black hole
metric on the squashed sphere then has an enhanced isometry SU(2) x U(1) C SO(4). If we
choose the appropriate Hopf coordinates we can dimensionally reduce the solution along the
U(1) down to four-dimensional gauged supergravity. As discussed in [83], it turns out that
such a dimensional reduction makes sense not only for asymptotically flat solutions where
first discovered in [197-200] but also for the asymptotically AdS solutions in the gauged
supergravity considered here. A crucial difference is that the lower-dimensional vacuum will
no longer be maximally symmetric but will instead be of the hyperscaling-violating Lifshitz
(hvLif) type [83].

The reason for looking at the limit Jy = Jy, is simple: due to the SU(2) symmetry the
lower-dimensional solution is guaranteed to be static and the horizon metric is a direct product
AdS; x §? geometry, as will be shown in due course. Since the attractor mechanism for
static BPS black holes in four-dimensional .#” = 2 gauged supergravity has been completely
understood [31, 33, 32] we can fit the reduced solution in this framework.

6.5.1 The near-horizon geometry

We begin by taking the near-horizon limit, » — 0, of the BPS black hole solution presented

in section 6.3. We set a = b, corresponding to the equal angular momenta (Jy = Jy,), and

—
"]
—

adopt the notation =, = &,
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Let us first introduce the following coordinates,

N =

v=-(x+o), 0=-(x—9), 6=_-9, (6.53)

NS
| =

where 9, @, x are the Euler angles of S witho<d<m0< ¢ <2m, 0< x <4n. The

near-horizon geometry then reads

2_p2 2 1/3 . 2
ds® = Rigs,dsags, 715 A7y,

1/3 1/3 (6.54)
Y- Y- g P2
L = ;’LI , Al = ﬁRAdSZ Fdf+g ('}’1 M — 7) dy,

where we defined

L, di? w3
2 20 2 3
Shas, =TT R g
) 2 i ’ (6.55)
"Ture = 1/3 b
AdS; % (1+¢n)
4+5 .
ds?y, = dsk — |72/ - M} Y%+ 2Rnqs, [FdFdy,
e g (3a4 + 4a2r,%1 + [32) (6.56)
25233
and
dsgs = 1 (d0% +de? +dx? +2cos O dedy) = 3. Z dy = R (6.57)
Here, o; (i = 1,2,3) are the right-invariant SU(2) one-forms,
01 = —sinydd¥ +cosysindde,
0> =cos xd¥ +siny sinde, (6.58)

=dy+cosdde.
Notice that dsS2 = Gl + 62 = d®? +sin® ® de?. Due to the constraint (6.27) we can simplify

a(4+Sag $40)
%:g’y], F:2 1//3

(6.59)
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Upon a further rescaling of the time coordinate

.1 &%
Y VR R 6.60
2\/ Bl+gn) (€60

the near-horizon metric with squashed AdS, x,, S* geometry and the gauge fields can be

brought to the form:

R2
dS%s) = Rias, dsias, + TSQ dst, -+ (03 — ocfdr)z] ,
1/3 (6.61)
L[:yZ—I, A€5)=€17d7—f163.

Here, we defined the constants

8P 2 1/3
o = R R = ,
2(14+g>n) /150 $=h 662)
= VO =8+ 8 |
2u(1+82n)° 4 4ui’
and ) 5
g8
v=1+g’p->"2. 6.63
g&n iy, (6.63)

Note that we added the subscript (5) in order to emphasize that these are five-dimensional
quantities which will next be related to a solution in four dimensions via dimensional
reduction along the y direction.

6.5.2 Dimensional reduction on the Hopf fibres of squashed S3

In five-dimensional supergravity theories, including ny Abelian gauge fields Aés) and real
scalar fields L' (I =1,...,ny) coupled to gravity, the rules for reducing the bosonic fields
are the following [201, 199, 202, 203, 190]:

2
dsts) = 2 ds?y +e 4 (de —A(()4)> , 4 = dy
Als) = Aly +Red (a5 - a0, ) | (6.64)

1
L' =¢% ]Imz], e % = ECUK]Imz]]Isz]ImzK,
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where ds%4) denotes the four-dimensional line element, the Aé‘) (A =0,1) are the four-
dimensional Abelian gauge fields and z/ = X’/X? are the complex scalar fields in four
dimensions. The four-dimensional theory has ny Abelian vector multiplets, parameterizing a
special Kéhler manifold .2 with metric g;5, in addition to the gravity multiplet (thus a total
of ny + 1 gauge fields and ny complex scalars). The action of the bosonic part of the 4D

N = 2 FI gauged supergravity reads [167, 204]°
@) 1@ 1 A r, 1 Ay pE

S :/ R xq 1+ -Im M sF* NxgF= 4+ —Re NpsF* NF
R31 |2 4 4

) (6.65)
— gl-]TDZl NA*4D7 —V (z,7) *4 1] ,

where i, j = 1,1 and we already set 87rG1(\;l ) = 1. Here V is the scalar potential of the theory,

V(z,2) = 2¢> (UMS _3e¥ XAXE> Exls, (6.66)
where &, are the constant quaternionic moment maps (known as FI parameters) and
UAE _% (Tm. )~ VAT _ o7 AT (6.67)

The matrix .4, y of the gauge kinetic term is given by (4.32). The special geometry prepo-
tential 7 (X*) reads

ag(vAy — _ © - -
,/(X )— 6 X0 X0 (6.68)

where in the second equality we employed the five-dimensional supergravity data for the
STU model from section 6.3. The Kéhler potential is given by

_ _ _ 4i
eﬁ%/(z,z) = i(XAFA —XAFA) = glC]JK ]Isz]Isz]ImzK = 8676¢ y (669)

where due to the symmetries of the theory we can set X° = 1. In the last equality we used

(6.64). The Kihler metric can be written as

| cC
811 = 00 (2.2) = ~ 4 (cu - ﬁ) : (6.70)

3We follow the conventions of [190], which is different from [167] by factors of two in the gauge kinetic
terms and the scalar potential V(z,Z). One can swap between the conventions by rescaling the four-dimensional
metric gy — % guv and then multiplying the action by 2. This will modify the definition of the symplectic-dual
gauge field strength G4 by a factor of 2, see (C.3).
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where we introduced the following notation
Cry = Cryx Imz*, C; = CryxImz' ImZ~. (6.71)

In .4 = 2 gauged supergravity in four dimensions the U(1)g symmetry, rotating the
gravitini, is gauged by a linear combination of the (now four) Abelian gauge fields. Three of
the FI parameters g, can be directly read off the five-dimensional theory: g; =g = g3 = 1.4
The last coefficient, gg, measuring how the Kaluza-Klein gauge potential A(()4) enters the
R-symmetry, can be left arbitrary for the moment. This can be achieved by a Scherk-Schwarz
reduction when allowing a particular reduction ansatz for the gravitino as explained in
[201, 205, 206, 190, 207]. The prepotential (6.68) and the FI parameters uniquely specify
the four-dimensional .4~ = 2 gauged supergravity Lagrangian and BPS variations.

Now, we can proceed with the explicit reduction of the line element (6.61) on the Hopf
fibres of S3 viewed as a U(1) bundle over $? =2 CP'. We thus identify x°> with y. The
four-dimensional solution takes the form>

dsty) = —e?V P+ 2Vdr? +2Y) (40 + sin* B dg?)

0 o 3 ; y 3 (6.72)
where
U V2 v _Re
Rads,R¢ 21/ " 2RAds,
) 2( ; f’(x) (6.73)
~0 _ o ] __ =\~
G (r) = Ry, R201/2 & G(a)(7) R?\dSZRSZDI/zr‘
The complex scalars are given by
1/2},1/2
d=—f1+ —R V2 = L . (6.74)
2w

Employing (C.8) we can compute the conserved electric charges. After some work they read

G
(Yz+2g %) = —J¢,

A 2. 2w\ GY
‘II———{HI—F—(YZ—T)}——TQL

“4In consistent models one can always apply an electric-magnetic duality transformation so that the corre-
sponding gauging becomes purely electric, i.e., g% = 0.

>We have rescaled the time coordinate, ¥ = —R 2Rads, v/ T/2, in order to put the AdS; part of the metric
in the canonical coordinates.

OOIOQ

(6.75)
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This is in agreement with [208]. The magnetic charges of the four-dimensional solution can

be directly read off the spherical components of the gauge fields A&) (6.72),
p’=1, p'=0. (6.76)

The entropy of the four-dimensional black hole precisely equals the entropy of the rotating

black hole in five dimensions,

) Area®  ge2(V-U) anézvl/ 2 (5)
BT GE TGl agm ©77)
N N N
upon using the standard relation
1 4r 678
@ 65 7
G GY (79

6.5.3 Attractor mechanism in four dimensions

The BPS equations for the near-horizon solution (C.1) with constant scalar fields z imply
that [32]:°

¥ 12i2V-UV g —, D; (ﬁf 4 2ie2V-U L%) —0, 6.79)

where Z and .Z, are respectively the central charge and the superpotential of the black hole
defined in (1.73),and Dj = d; + %8,&5/. They can be rewritten as
7 Z v
This is the attractor mechanism discussed in section 1.8.
We can extremize the quantity i % under the following gauge fixing constraint, which

precisely corresponds to (6.3),
3

goX'+ Y X' =1, (6.81)
I=1

where we plugged in the explicit values for the FI parameters, i.e., g1 = go0 = g3 = 1. The
real sections X are constrained in the range 0 < X < 1. We find that

o

3 2v1ly2vy3
X'x2x
ZX’<qz—@)+@— 80 S| =0, for 1=123, (682
=1 80 g (1-X'-X%2-X3)

®From comparing (6.79) with equations (3.5) and (3.8) in [32], we see that they differ by a factor of 2. This
is due to our different convention for the action (see footnote 3).
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where d; = d/dX!. The sections at the horizon are obtained from

1,23
x0=

1 Z
x123 —

, - . (6.83)
go(1+z +22+723) 1+ +22+73

We are now in a position to determine the value of the FI parameter g¢. Partial topological
A-twist along S? ensures that .#” = 2 supersymmetry is preserved in four dimensions [17].

This leads to the following Dirac-like quantization condition [31-33]:

gapt =1=gop°, (6.84)

which fixes the value of gg = 1. It is straightforward to check that, substituting the values for
the physical scalars at the horizon (6.74), the charges (6.75), and setting go = 1, Eq. (6.82) is
fulfilled. The scalars Z'(ry,) at the horizon are determined in terms of the black hole charges
g1 by virtue of the attractor equations:

1
q1—qo = <2+_—,) el for I=1,2,3. (6.85)
Z

The value of i % at the critical point yields,

2 _
il (an) =22 = TNl (ga). (6.:86)
crit

The holding of the four-dimensional BPS attractor mechanism for the dimensionally reduced
near-horizon geometry (6.72) proves that the dimensional reduction preserves the full amount
of supersymmetries originally present in five dimensions.

Due to the very suggestive form of the attractor equations (6.82) it is now not hard to

compare them with the five-dimensional extremization.

6.5.4 Comparison with five-dimensional extremization

Consider the quantity E in (6.45) rewritten in terms of the chemical potentials for J* and
012,3. Recall that we are focusing on the case with equal angular momenta, i.e., Jy = Jy (s0
J~ =0). Extremizing (6.47) with respect to X fixes the value of X° = 0. Thus, the black

hole entropy is obtained by extremizing the quantity

212 XXX Q -
rﬂsugra‘J_:O = ) Toon2 +2mi Z Q[XI — 7'L'lJ+XJ(Z , (6.87)
Gy (X2) =1
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subject to the constraint (6.48). Identifying X° in (6.82) with sz in (6.87), and using
go = 1 together with (6.75), we find that the extremization of .#sr, corresponds to the
four-dimensional attractor mechanism on the gravity side and they lead to the same entropy.

6.6 Discussion

We have shown that the entropy of a supersymmetric rotating black hole in AdSs with
electric charges Q; (I = 1,2,3) and angular momenta Jo =J1, Jy = J> can be obtained as
the Legendre transform of the quantity —F in (6.2):

3 2
Seu(Q1,Ji) = —E (A1, @;) + 27ri( Y 0iA— ZL‘@') o (6.88)

=1 i=1 Ar,0;

where A; and @; are the extrema of the functional on the right hand side.

The result is quite intriguing and deserves a better explanation and understanding. We
leave a more careful analysis for the future. For the moment, let us just make few preliminary
observations.

The quantity E can be interpreted as a combination of ’t Hooft anomaly polynomials that
arise studying the partition function Z 4 (A7, @;) on S3 x S' or the superconformal index
I(Ar, @;) for A4 =4 SYM [100, 103]. Some explicit expressions are given in appendix D. In
particular, E is formally equal to the supersymmetric Casimir energy of .4 =4 SYM as a
function of the chemical potentials (see for example equation (4.50) in [100] and appendix D).
However, this analogy is only formal since we are imposing the constraint (6.3). Chemical
potentials are only defined modulo 1, so the constraint to be imposed on them also suffers
from angular ambiguities. Consistency of the index and partition function just requires
Z;Zl A+ 21'2:1 ®; € Z. To recover the known expressions for the supersymmetric Casimir
energy and for consistency with gauge anomaly cancellations [99, 100], one needs to impose
Z;Zl A7+ 21-2: 1 @; = 0, and this contrasts with (6.3).

It would be tempting to interpret the Legendre transform (6.88) as a result of the saddle-
point approximation of a Laplace integral of Z 4 _, in the limit of large charges (large N).”
Ignoring angular ambiguities, E is the leading contribution at order N2 of the logarithm of the
partition function Z 4 _4 on S x S!. Indeed, logZ y_4 = —E +logI [97-103] and the index
is a quantity independent of N for generic values for the chemical potentials [93]. In these

terms, the result would be completely analogous to the connection between asymptotically

"We are ignoring here potential sign ambiguities in the definition of charges.
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AdS4 x 7 (or AdS4 x S%) back hole entropy and the topologically twisted index of ABIM
(or D2y) [10, 11, 209, 163] .

The appearance of the supersymmetric Casimir energy can be surprising since the entropy
counts the degeneracy of ground states of the system. However, the dimensional reduction to
four dimensions performed in section 6.5 offers a different perspective on this point. The
dimensionally reduced black hole is static but not asymptotically AdS. Let us assume that
we can still use holography. In the dimensional reduction, a magnetic flux p° is turned on
for the graviphoton. This means that supersymmetry is preserved with a topological twist.
The same should be true for the boundary theory. It is then tempting to speculate that, upon
dimensional reduction, the partition function Z 4 _4 becomes the topologically twisted index
of the boundary three-dimensional theory [18]. The supersymmetric Casimir energy, which
is the leading contribution of logZ 4 _4 at large N then becomes the leading contribution of
the three-dimensional topologically twisted index and the latter is known to correctly account
for the microstates of four-dimensional black holes.

The above discussion ignores completely the angular ambiguities and the role of the con-
straint (6.3), which should be further investigated. For sure, the result of the extremization of
E is complex and lies in the region where the chemical potentials satisfy (6.3). Unfortunately,
we are not aware of a general discussion of the possible regularizations of Z 4 _, that takes
into account the angular ambiguities. Moreover, there is some recent claim [210, 211] of the
presence of an anomaly in the supersymmetry transformations leading to a modification of
the BPS condition in gravity that would be interesting to investigate further in this context.

Both the constraint (6.3) and the analogous of the more traditional one Z?:l Ar+

%:1 ®; = 0 have been used in the literature to explore different features of Z 4 _4 or the
index. The traditional constraint has been used in the analysis of the high-temperature limit
of the index [177, 178] (see also [212, 179]) and in the study of factorization properties [213].
On the other hand, the importance of (6.3) has been stressed in [103] where the constraint has
been used to extract the supersymmetric Casimir energy directly from the superconformal
index.® See appendix D for more details. In the low temperature limit, which can be obtained
by rescaling A; — BA;, ®; — Bo; and taking large 8, the angular ambiguity in the constraint
disappears.

Finally, it is worth mentioning that angular ambiguities also played a prominent role in
the evaluation of the saddle-point for the topologically twisted index of ABJM and D2, and
the comparison with the entropy of AdS,4 black holes.

8Interestingly, the same constraint is also used in relating the universal part of supersymmetric Rényi entropy
to an equivariant integral of the anomaly polynomial [214].



Chapter 7
Discussion and future directions

The main goal of this dissertation was to give an explanation for the microscopic origin of
the Bekenstein-Hawking entropy for a class of static BPS black holes (strings) in AdSy 5.
The specific theories we focused on are consistent truncations of string or M-theory. To this
aim, we studied the topologically twisted index for a variety of 3D 4" =2 and 4D 4" =1
gauge theories in the large N limit. The index is a function of background magnetic fluxes
and chemical potentials for the global symmetries of the theory, and can be reduced to a
matrix model using the technique of supersymmetric localization [18]. Using the method
introduced in [10], we solved a number of such matrix models. These computations reveal the
characteristic N3/2 /N 5/3 /N? scaling of the number of degrees of freedom on N coincident
M2 /D2, /D3-branes.

An obvious follow-up is to find new examples of AdS4 M-theory and massive type IIA
black holes directly in eleven or ten dimensions (see, for example, [215]) or in some other
consistent truncations of eleven-dimensional or ten-dimensional supergravity where to test
our results. In particular, in chapter 2 we evaluated the index for field theories dual to a variety
of .4 > 2 M-theory backgrounds, including such well-known solutions as AdS4 x NO:1.0 /Ly,
AdSy x V32 /Zy, and AdSy x ol /Zy. One feature of these quivers compared to ABJM
is the presence of many baryonic symmetries that couple to the vector multiplets arising
from nontrivial two-cycles (and thus by Poincaré duality five-cycles) in the Sasaki-Einstein
7-manifold. As is evident from our analyses, such background fluxes for baryonic symmetries
do not show up in the large N limit of the index, while they affect the details of the black
hole entropy. Solving this apparent puzzle provides rather intricate tests of the proposed
AdS,/CFTj dualities.

We studied the 3D matrix models in the limit where N > k, and the Chern-Simons
levels k, are kept fixed. It would be most interesting to develop a new method to study

the topologically twisted index beyond the leading large N contribution. Recent attempts
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in doing so can be found in [14], where the log/N coefficient of the index was extracted
using numerical techniques. There are two main subtleties in going beyond the numerical
methods employed therein: first, the tail contributions seem to prevent one from a systematic
large N expansion of the index; secondly, the imaginary part of the index needs a better
understanding. As we saw in the D2 theory, the latter was very important in order to make
the black hole entropy a real quantity.

We briefly discussed, in section 1.4.2, the refinement of the index by the angular momen-
tum on S2. In the path integral formulation this corresponds to turning on an Q-background
on S2. The holographic dual description of this setup is given by a dyonic, rotating supersym-
metric black hole in AdS4, preserving (at least) two real supercharges. Another interesting
generalization of our results is to solve such matrix models (1.62).



Appendix A

Special functions

In this appendix we review the special functions and their properties which we used in this
dissertation.

A.1 Polylogarithms

The polylogarithm function Li,(z) is defined by a power series

ok
Lif@) = ¥ - (A1)
k=1

in the complex plane over the open unit disk, and by analytic continuation outside the disk.

For z = 1 the polylogarithm reduces to the Riemann zeta function
Li, (1) = {(n), for Ren>1. (A.2)

The polylogarithm forn =0 and n =1 is

. Z .
Lip(z) = 1—2’ Lij(z) = —log(1 —2z). (A.3)
Notice that Lip(z) and Li; (z) diverge at z = 1. For n > 1, the functions have a branch point
at z = 1 and we shall take the principal determination with a cut [1,+o0) along the real axis.
The polylogarithms fulfill the following relations
u

9, Lin(e™) =iLi,_ ("), Li,(e*)=i [ Li,_i(e®)dd'.  (A4)
+ioo
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The functions Li,(e™) are periodic under u — u -+ 27 and have branch cut discontinuities
along the vertical line [0, —icoo) and its images. For 0 < Reu < 27, polylogarithms satisfy

the following inversion formulz'

Lig(e™) +Lig(e ™) = —1
Lij(e™) —Lij(e ™) = —iu+in

2 2
Lip(e™)+Liy(e™™) = % — Tu+ 3 (A-5)
) ) . . . 2
Lia(e) ~ Lig(e ™) = u’ - %uz + %u

One can find the formula in the other regions by periodicity.
A.2 Eta and theta functions
The Dedekind eta function is defined by
g "
n(g)=n(®)=¢*[[(1-4"), Imt >0, (A.6)
n=1
where g = e*™*_ It has the following modular properties
in 1 -
n(t+1)=e2n(7), n(——) =V—itn(7). (A7)

The Jacobi theta function reads

k=1 . (A.8)

where x = e and g is as before. The function 6, (u;T) has simple zeros in u at u = 27Z+

2mtZ and no poles. Its modular properties are,

in 1 iu?
01 (u;74+1)=e2 0 (u;7), 01 <E; ——) =—iv—ited 0 (u;7) . (A9)

T T

I"The inversion formulz in the domain —27 < Reu < 0 are obtaind by sending u — —u.
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We also note the following useful formula,
m2
01 (¢"x;q) = (—1)""x "q" 7 61(x;q), meZ. (A.10)

The asymptotic behavior of the 1n(¢) and 6;(x;¢q) as ¢ — 1 can be derived by using
their modular properties. To this purpose, we first need to perform an S-transformation,
i.e. T— —1/7, and then expand the resulting functions in series of ¢, which is now a small
parameter in the T — {0 limit.

Let us start with the Dedekind n-function. The action of modular transformation is
written in (A.7). We will identify the “inverse temperature” 3 with the modular parameter T
of the torus: T =if3 /2m. Then, expanding the S-transformed n-function we get

log [1(7)] :—%log(—ir)+log {n <—%)1 :—%log (2%) —@Jrﬁ( *1/ﬁ> . (A1)

Similarly, we can consider the asymptotic expansion of the Jacobi 0-function:

it 1 . in? u 1
log[61(1:7)] =75 = 5 log (~it) = 7+ log {91 (E;_E)]

w1 B u (&.12)
- - r i e —1/B
2B 2P zlog(zn)—l—log{%mh(ﬁ)}-i—ﬁ’(e ),
Writing 2 sinh (%) — emu/B (1 — e~ 2mu/ B), we have the following expansion
i | —2%n
log [ZSinh (%)] = %uﬁgn [Re(u Z % 2 usign[Re(u )] (A.13)

Putting all pieces together, we find

log [0 (u;7)] = ——2 - —2 - 1log (2%) + %u sign [Re(u)|+ 0 <e_1/ﬁ> . (A14)






Appendix B

BPS black holes in ./ = 2 dyonic STU
gauged supergravity

In this appendix we write down a black hole ansatz and derive the corresponding BPS equa-
tions. The black hole can be embedded in massive type IIA supergravity and is asymptotic to
the ./ = 2 supersymmetric AdS4 x S6 background of [84].

B.1 Black hole ansatz

We are interested in supersymmetric asymptotically AdS4 black holes, which in [71] were
considered for general models with hypermultiplets and dyonic gaugings, extending earlier
works [31-36]. Reviewing these results, we write down the bosonic field ansatz and the final
form of the supersymmetry conditions to be solved, which also imply all equations of motion.

The metric is given by
ds? = —e?Vdr? 42U gp? 42U Q2 (B.1)

where dQ2 = d6? + f2(6)de? defines the metric on a surface X, of constant scalar curvature
2k, with k € {+1,—1}, and

1 sin@ xk=-+1
(0) = —sin(v/x0) = ’ (B.2)
f(6) ﬁsm( ) sinh® x=—1.
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The scalar fields depend only on the radial coordinate r, while the electric and magnetic
gauge fields (A, A,) and the tensor fields (B, B, ) are given by

AN = APt —kp  fr(0)d9 ,  Ap =Apdt — Kkenfr(0)d9 (B.3)

BA =2kp' A fL(0)drAdg,  Bp = —2xe, fL(0)drAdo . (B.4)

In the theory we consider the only relevant tensor field is BY, as the rest can be consistently

decoupled. The magnetic and electric charges (p*, e, ) are defined as
A= / FA . ep=—1 Gr, vol(E,) = /fK(G)dO Ado . (B.S)
vol(Zg) Jx, vol(Xy) Jx, g

Note that the charges can depend on the radial coordinate in general, since the Maxwell
equations are sourced by the hypermultiplet scalars due to the gauging.

B.2 BPS and Maxwell equations

The above ansatz is subject to a set of conditions required for supersymmetry, which after
a number of manipulations can be recast into a set of algebraic and first order differential

equations, given by (3.74) in [71] in a manifestly symplectic covariant way,

£=0,
v = 2xe VIm(e "*.%),
o +A, =2ke YRe(e *.¥), (B.6)

" =xe Yn"Im(e '%9,.2) ,
9 = 4?3V #QRe(e 7Y ,

where

&=2e" (e ]Im(e_i“”f/))/ — kY Q 4 D P+ 42V V(! + A Re(e 7Y )+ 2 .
(B.7)

As earlier introduced, 2 = (p*,e4), 2% = (P**,PY) and " = (kA k%). A is the U(1)
Kihler connection, and & an a priori arbitrary phase of the Killing spinor, which depends only

on the radial coordinate (derivatives with respect to which are given by primes). Furthermore,

9 = g(P*,2) = gPipt —gP M ep, WE=g(P V) =gPiLN —gP " My
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F=(2,V)=e L) —p*My, L=Y, 20", (B.8)
and
5 . I+RI"'R —RI™! 0 -1
H =g () h ", M= . Q= . (B.9)
- ) ! 1 0

The above equations are further supplemented by the constraints
HR2=0, H g’ =0, Q2r=1. (B.10)

As already noted, in addition to the BPS equations, the Maxwell equations need to be
imposed. The rest of the equations of motion then follow. The Maxwell equations sourced
by the hypermultiplet scalars evaluated on the specified bosonic ansatz lead to [71] a pair of

coupled first order differential equations
A =-V Voo, — 2=-2V"Y Q. (B.11)
They are immediately satisfied given the fifth row of (B.6) together with the extra constraint

28" A QRe(e V) = H Q. . (B.12)

B.2.1 Solution to the constraints

Without making any further assumptions, we can already solve for some of the scalar fields
using the constraints (B.10) that need to hold everywhere in spacetime. The first equation in
(B.10) gives

3
g’ —meg=0, ($2+8HY p' =0, (B.13)
=1
while the last one further fixes ;
gy pl==+1. (B.14)
=1
Hence,
¢ = é: —-0. (B.15)

The second equation in (B.10) then yields

O = const.. (B.16)
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Following the above results,
2° =gy p' 8 = £18% = 18",

W — g /2 [z,x’ —Le2(x0 cFO)] 53

(B.17)
% =e" Py (eX" — p'F)+e” Peg(X0 —cRy)
%= age P [L X X0y
and the only components of the matrix .7 that remain non-vanishing are
1 46 00 _ 1249 0 0 [T
%Ozze s I :ZC c ", % = OzzCe . (BlS)

We have already solved for three of the four hypermultiplet scalars, so it is worth writing
explicitly the differential equation that determines the remaining scalar ¢, coming from the
fourth equation of (B.6):

¢’ = —gK}Le‘%//z_U Im (e_ia(XO — CFO)) . (B.19)

The scalar ¢ is exactly the source that does not allow the charges p® = ce to be conserved

as it appears in the matrix .7#” on the right-hand side of the Maxwell equations,
PO =ce)y = —ce?¥ Ve Re (e_io‘ (x°— cFy)) - (B.20)

Therefore, the charges p°, eo cannot actually “be felt” by the field theory at the asymptotic
AdS,4 boundary.

The equations have been simplified, and are given by the scalar equation (B.19), the
Maxwell equation (B.20), and the first three equations in (B.6). Note that in the absence
of the hypermultiplet equations, (B.19) and (B.20) are solved trivially, and the remaining
equations in (B.6) can be solved analytically using standard special geometry identities. Here,
we are unable to present an analytic solution for the full black hole geometry, exactly due to
the complication of solving (B.19) and (B.20). We are however able to present an analytic
solution for the two end-points of the black hole geometry, due to the extra condition of the
scalars and charges being constant.

Before moving to the “constant scalars and charges” case, let us give the relevant compo-
nents of the matrix .# which allow us to write down the first equation in (B.6):

P = —8e” |5t |uf?, 4% =—8e” Re(s) Re(r) Re(u) ,
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MO = _8e” Re(r) Re(u)s|?

M = —8e” Re(s) Re(u)|t|?,

M = %Re( ) Re(t)[ul* ,

MO =", 'y =8 Re(s),

AN = 8 |5, "= 8¢ Re(s)Re(t), '3 = —8e" Re(s)Re(u)
O = g = fRe( 0,

M= 2 P = 8K, P = —8e¥ Re(t)Re(u)

MO = % = —8e" Re(u) |

W= gyt ’ W=y ’ w3B = —Sel/|u|2 :

Moo = 87, M = " = M5 = M5 = —8e” Re(s) Re(t) Re(u) ,
My =M, M =M, M=,

M = =8¢ Re(s)|tPul*, 46" =—8e” Re(t)|s|*uf*, 45" = —8e” Re(u)|s*[¢|*
M2 = -8 1P Re(u), M3 =— eflulzReO) :

My = —8e” 5P Re(u), M>> = —8e” |u)’Re(s) ,

My = =87 |s]PRe(r), M2 =—8e” |t]*Re(s) . (B.21)

B.3 Constant scalars and charges
The condition that all scalars and charges are constant,
s=t'=u=0, ¢"=0, 2 =0, (B.22)
(based on the symmetries of AdS4 and AdS; x X), upon imposed on (B.19)-(B.20) yields
X' —cFy=0. (B.23)
This is a strong constraint on the special Kihler manifold, leading to
stu= —c, (B.24)

and therefore (X!, X%, X3, F|,F>,F3) = (¢/(tu), —t, —u,tu, —c/t, —c/u), which are consistent
with the prepotential

T — _%(_C)l/3(X1X2X3)2/3 ) (B.25)
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B.3.1 Asymptotic AdSy

The constant scalars and charges assumption holds for the AdS4 vacuum, which satisfies the

BPS equations asymptotically with

U =log(r/Lags,), v = log(r?/Lags,), (B.26)

and
s=t=u=c¢"3/3 e20 = 20723 (B.27)

If substitute the above field configuration in (B.6), as r — oo, we find

T 1 cl/e
o=—

& Lags, = 2 314 (B.28)

which can be easily seen to solve the second and third equations in (B.6). The remaining one,

& =0, is also asymptotically solved as can be verified by

2 Im(e '*Y) = —xQ.H D* P*
Lags, (B.29)

:3gce’}£/(cl/3’,—2071/3,—2c*1/3,—2c’1/3,c’2/3 1,1,1).

P )

Note that there is no way of fixing the asymptotic values of the massive vector charges

p° = cep, but in the process we have fixed uniquely A to be aligned with x so that
KA =—1 or A=—-K, (B.30)

for a choice of positive electric coupling constant g > 0.

B.3.2 Near-horizon geometry

The near-horizon equations are more involved than the asymptotic ones but we are again in
the constant scalar case which guarantees that stu = —c solving the fourth and fifth equation

in (B.6). The general near-horizon solution was analyzed in [154] but here we make an

inspired ansatz for the scalars in a way that enforces stu = —c:
ei/3.1/3p1 oi™/3:1/3 2 oi™/3:1/3 3
_ = = (B.31)
(H1H2H3)1/3 ! (H1H2H3)1/3 ! (H1H2H3>1/3 ’

under the condition that H! + H? 4+ H> = 1. With this ansatz we have imposed equal phases

of the three scalars meaning we are killing some of the degrees of freedom, and practically
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restricting the solution to what we call “purely magnetic” solution (see the discussion in the

main body of chapter 4). The metric function ansatz is naturally given by

U = log(r/Lads,), v =log(Lg, -7/Lads,), (B.32)

where Lags, is the radius of AdS; and Ly . that of the surface X;. With this ansatz we solve
the second and third equation in (B.6) by setting

ef<%//2(H1H2H3)1/3

2401/ (B.33)

o=——, Lags, =

The remaining symplectic vector of equations & = 0 can be solved in several steps. The

condition that p® = ce( imposes the constraint that &° = ¢& which leads to

2C—2/3 gCl/3
20 _ (N 2
e’ = , =ceg = L B.34
3(HH2HR) /3 p O 3VAHIHAHA) A T (B.34)
while the electric charges are fixed by the components &7 > 3 to be
el=ey—=e3—=e—= —iLé . (B.35)
V3

Note that the electric charges are equal and eventually fixed in terms of the magnetic charges,
so they are not independent degrees of freedom. However, from the explicit expression it is
clear that the value of e is strictly not allowed to vanish, in accordance with the results in
[153, 154]. Finally, equations &!%3 = 0 become

2
ZgLEg _ pl _ P _ P 36
3\/§C1/3(H1H2H3)2/3 H1(3H1 _2) H2(3H2—2) H3(3H3—2) ’ :
which are solved by
31
2 _ V3 1/3 2773)2 P
ng_—zc/ (H'H*H?)?/3 ;ﬁ (B.37)
together with
€ J_ K
3H =14+ e’ = r")| (B.38)

ix 2\/(\/@ip1)2 K

where &7k 1s the Levi—Civita symbol and @ is defined in (4.55).
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Maxwell chargesin .4 =2,D =4
gauged supergravity

In this appendix we compute the Maxwell charges of a family of BPS black holes in D = 4,
A =2 gauged supergravity with prepotential (6.68). The ansatz for the metric and gauge

fields is
ds2 — _eZU dTZ _'_efo drz _i_eZ(V*U) (dﬁz + Sin2,ﬁdq)2) ,

(C.1)
AN =@ (r)dt— p?(r)cos B do.
The black hole magnetic and electric charges are then given by [32]
A= 1 / A
4w )
r (C.2)
an =4 [,Ga =V Im Az g + Re Mz p,
where we defined the symplectic-dual gauge field strength,
0L
GAEZm:Hme/K\ZﬂqFE—f—Re%ZFE, (C.3)

such that (F A GA) transforms as a (2,ny +2) symplectic vector under electric-magnetic
duality transformations. Using (4.32) and (6.68) we find that

1 J K
Im .4 :—%J]Rezj, Re A :—i—ECUKRez Rez", (C.4)

1
Tm . Ago = — (e*6¢ —%JReleezj) : Re A = —Cux Re Rez RezX,
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where we defined cc
%y = Cry— ﬁ : (C.5)

Therefore, the electric charges read

~/

q p° p2
qo = —ez(V’U)q’O {e“’ +%1Rezj (@ —Rezl)] + ?C]JKRCZJRCZK (IE — gReZI) ,

q/] pJ 1
qr = ez(V*U)q'O%U (ﬁ — RezJ) — pOCHKRezK (F — ERGZ]> .
(C.6)
In the gauged STU model (ny = 3) the only nonvanishing intersection numbers are

C123 = 1 (and cyclic permutations). Hence,

__Imz! ]Imzzgmz3 ifI=17
1
Gy = (Imz")
0 otherwise

; (C.7)

and

—2pORez123—|— Z Rez Rez’pK |
1<J

V_U) ~ Rez! 7!
q0 = —e U)qlo Imz'? [1 — E (-?,0 —Rezl)
(#K)

=1 (Imz!)?

]Imz123 (67/1 ) R€Z123( pJ )
__2(V=U) ~0 R ZI (U
qr = —¢ q = ez |+ D 2 ;
(Imz!)* \g" Rez! itz Re?!

(C.8)

where we employed the following notation

Imz'?? = Imz' Tmz2Tm 2>, Rez!?? =Rez' Re?ReZ’. (C.9)



Appendix D

Supersymmetric Casimir energy

The partition function of an .4 = 1 supersymmetric gauge theory with a non-anomalous
U(1)g symmetry on a Hopf surface .7}, , ~ §3 x S, with a complex structure characterized

by two parameters p, g, can be written as
Z[Hpq) = B 1(p,q). (D.1)
Here, I(p, q) is the superconformal index [93, 96]
1(p.q) = Te(=1)f phi2ghtr/2, (D:2)

where /1 and h; are the generators of rotation in orthogonal planes and r is the superconformal

R-symmetry. Egysy is the supersymmetric Casimir energy [97-99],

47 (|b1|+ [ba])? 4n

Egusy(b1,b2) = (3¢ —2a) — 5

= - D.
27 |by||ba] (11| +162)) (c=a),  (D3)

where p = e 27b1l | g = e~ 27lb2]

and a, c are the central charges of the four-dimensional
A =1 theory. We can extrapolate this result to include flavor symmetries by considering a
and c as trial central charges, depending on a set of chemical potentials Ay,

(A) = 2 TeR(A) — STiR(A),  c(A) = —TrR(A) — ~TeR(A),  (D4)

a P — _— C = — _— .
/ 32 / 32 1) / 32 ! 32 1)

where R is a choice of U(1)g symmetry and the trace is over all fermions in the theory.
The supersymmetric Casimir energy can be also interpreted as the vacuum expectation
value <Hsusy> of the Hamiltonian which generates time translations [99]. It can also be

obtained by integrating the anomaly polynomials in six dimensions [100]. In particular, the
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supersymmetric Casimir energy for .4 =4 SYM with SU(N) gauge group, where a = c,

reads’

T

bi|+ b))

A1A)As, (D.5)
br]|bo] TR

where A, 2.3 are the chemical potentials for the Cartan generators of the R-symmetry, fulfilling
the constraint
A +A+ A3 =2. (D.6)

We can rewrite Eq. (D.5) in the notation used in the main text as

Al A
Ewwz—waN?—njiéf, (D.7)

where we defined A; = i (|b1| + |b2|) A;/2 and @; = —i|b;|. They satisfy the constraint

A+ +A3+ 0+ =0. (D.8)

When extended to the complex plane A; and ®; are defined modulo 1.

The constraints (D.8) and (6.3) are closely related to the absence of pure and mixed gauge
anomalies. Let us briefly see why. Consider again a generic .4~ = 1 supersymmetric gauge
theory. The constraint (D.8) is modified to

Zm+2@_o (D.9)
1EW,
where A is the chemical potential for the /th field and the sum is restricted to the fields
entering the superpotential term W,. There is one constraint for each monomial W, in the
superpotential of the theory. The path integral on S x S localizes to a matrix model where

one-loop determinants must be regularized. Eqsy arises from the following regularization
factors [99, 100]

2 2
; c W
W) — i E= 9 [y ELOf o )] (D.10)
24w, @ (Xig @;)?
where 4 = —2u/ 21'2:1 ®; and u is a chemical potential for gauge or flavor symmetries.

More precisely, denoting with z the gauge variables, Eg,sy gets an additive contribution
¥(z+ Ar) from each chiral multiplet and —%¥(z) for each vector multiplet. One can pull

IThe R-symmetry t Hooft anomalies for .4 =4 SYM are given by TrR(AI) (N> =1)[L;_ (A —1)+1]=
0and TrR(A;)? = (N? — 1)[X;_, (A; — 1) +1] = 3(N> — 1)A; Ay A;. The A; are the R-symmetries of the three
adjoint chiral multiplets of 4" =4 SYM and satisfy (D.6).
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out regularization factors from the matrix model only if they are independent of the gauge
variables. The constraint (D.9) implies that } ;e A; =2, where again Ar= =24, / 21-2:1 ;.
Hence A; parameterizes a trial R-symmetry of the theory. One can see that, if all (pure and
mixed) gauge anomalies cancel, Egysy is indeed independent of z if the chemical potential
satisfy (D.9) [100]. The final result for Eyygy is then easily computed to be,

Equy = i Ziz @) {1&1?(131) L 1&1?(11,)} . (D.11)
24 o (X a),)
Using (D.4) and ; = —i|b;| we recover (D.3).
A similar quantity constructed from
3w}
P () = @”“>W—m Li- (mﬂy (D.12)
24(1’1(02(03 (Zl 1 a),)

appears in the modular transformation of the integrand of the matrix model [103].2 Here
the angular momentum fugacities are written as p = e~ 2%i®1/03 g — ¢~ 27i®2/03 the gauge
fugacity as e2™/®s and 4 = —2u / Z?:l ®;. In a theory with no gauge anomalies, the sum of
Y (z+ A;) from each chiral multiplet and —¥(z) for each vector multiplet is independent of
the gauge variables z and can be pulled out of the integral if the constraint

Zm+2@_o (D.13)

IeW,

1s fulfilled [216, 103]. The sum then becomes

(Z ) TI'R(AA])3 Z

TR A . D.14
24(01(02(03 (Zl 1wz) TR(A;) ( )

¢ =

This observation has been used in [103] to write the index as
1(p,q,Ar) = eI™ (@, A1), (D.15)

where 1™ is a modified matrix model depending on modified elliptic gamma functions.
As noticed in [103], the supersymmetric Casimir energy can be extracted from ¢ in the
low-temperature limit. Indeed, in the limit w3 = 1/B — 0, ¢ becomes exactly BEqysy. It is
interesting to notice that, for .4~ =4 SYM, by setting one of the w; equal to —1, ¢ reduces
to our quantity (6.2) and (D.13) to the constraint (6.3). This is an observation to explore

2This can be expressed in terms of Bernoulli polynomials as ¥ (1) = %' B3 3(u; @;) [103].
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further. In particular, it would be interesting to understand the physical meaning of /™% and

the decomposition (D.15).
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